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Abstract 
This thesis firstly presents a brief introduction to and a literature review of the dispersion 
of carbon-based nanomaterials in the aqueous phase and their applications. Details of 
experimental synthesis and characterization techniques are provided. The main focus is on 
the transfer of graphene oxide (GO)/ reducing graphene oxide (rGO) into its poor solvent 
with the help of agarose hydrogel.  
Secondly, the transfer of GO-loaded agarose hydrogel (AgarBs) into oils such as 
hexadecane is reported via stepwise solvent exchange with no chemical modification of the 
GO hydrophilic surface and the agarose network. After transfer, the GO loaded in the agarose 
network effectively and efficiently adsorbs lipophilic dyes in oil via hydrogen bonding 
between the polar groups of the GO and the dyes. For instance, the maximum adsorption 
capacity was 355.9 mg·g-1 for Nile red, which is substantially greater than that of pristine 
agarose hydrogel and hydrophilic GO powder. The dye concentration for effective adsorption 
can be as low as 0.5 ppm.  
Thirdly, GO-loaded AgarBs are used for lipophilic drug delivery. GO-loaded AgarBs can 
adsorb lipophilic organic compounds from their good organic solvent and swell in Phosphate 
Buffer solution (PBS) after dried in air. This is thanks to the GO in the agarose hydrogel 
network, which can adsorb organic compounds in its good solvent and enhance the swelling 
properties of composite hydrogel in water. The concentration of released organic compounds 
in the PBS solution is related with loaded capacity for organic compounds and the GO 
concentration in the composite hydrogel beads. In addition, the concentration of released 
organic compounds is suppressed under saturation concentration, which avoids secondary 
aggregation after the release of the dye. The lipophilic organic dye can also penetrate through 
pigskin by this method. These results prove the potential of composite hydrogel to be a new 
carrier for lipophilic drug delivery. 
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The loading of hydrophobic rGO into agarose hydrogel beads by the NaBH4 reduction of 
GO initially loaded in the AgarBs is then described. The resulting rGO-loaded AgarBs 
effectively adsorb organic compounds in water because of the attractive hydrophobic force 
between the rGOs loaded in the AgarBs and the organic compounds dissolved in the aqueous 
media. The adsorption capacity of the rGO-AgarBs is fairly high, even for reasonably water-
soluble organic compounds such as rhodamine B (321.7 mg·g-1) and aspirin (196.4 mg·g-1). 
Moreover, the rGO-AgarBs exhibit salinity-enhanced adsorption capacity and preferential 
adsorption of organic compounds with lower solubility in water. This unusual adsorption 
behavior highlights the exciting possibility of the adoption of an adsorption strategy, driven 
by hydrophobic forces, in practical wastewater treatment processes. 
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1. Introduction 
     The word “agar”  refers to a class of galactan polysaccharides that occur as the 
intercellular matrix material of red seaweeds (marine algae of the class rhodophyta). They 
serve as a functional structure of the plant，but differ from that of cellulose in land plants, as 
land plants require a rigid structure capable of accommodate the varying stresses of currents 
and wave motion. Humankind, with its aptitude for turning nature’s inventions to its own 
purposes, has put agars to use as gelling agents in a host of food and industrial applications, 
an activity that goes back 350 years and continues to this day. The agarose powder was 
extracted from agar. Normally, agarose powder dissolves in hot water and gels when the 
temperature is above 36 oC. 
      The special properties of graphene were reported by Geim and Novoselov in 2004, and 
have drawn much attention owing to its special properties, including its large surface area, 
excellent electric conductivity, and super thermal conductivity. Graphene is a single layer of 
graphite, which is a one-atom-thick planar sheet of sp2-bonded carbon atoms. This discovery 
was recognized by the award of the Nobel Prize in 2010 and has since extended into a large 
research field.    
      However, graphene oxide cannot disperse well in organic solvents and reduced graphene 
oxide cannot disperse well in water. In this thesis, graphene oxide was loaded into agarose 
hydrogel and changed into an organic solvent, which can be used for oil decontamination. 
After being dried, the composite agarose hydrogel can swell in PBS solution and release 
hydrophobic dye into water.  In addition, the graphene oxide loaded in agarose hydrogel can 
be reduced into reduced graphene oxide. This composite hydrogel can be used to study the 
hydrophobic interaction in water, which could be used to remove organic compounds from 
water.   
	 20	
      In this study, we focus on loading GO/rGO into agarose hydrogel to remove and release 
organic compounds from oil and water. Several different organic compounds were tested in 
this experiment. With the help of agarose hydrogel, the GO and rGO are dispersed into their 
poor solvents without surface modification.  To give a scientific explanation, we use various 
characterization techniques, including UV-Vis spectrum and X-ray photoelectron 
spectroscopy (Xps). To assess the samples, the experimental results can be used for water/oil 
decontamination,  
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2．Literature Review 
2.1 Introduction  
Carbon is the basic element of all living things and one of the most important things in 
our daily life. During the process of human ancestors walking out of caves and gradually 
establishing the general order of ancient society, spoken languages were created to 
communicate, while written languages were also created to record and report. The written 
languages greatly sped up the evolution of human beings. The initially discovered 
hieroglyphics were carved in rocks, tortoise shells, bones, and then some metal plates. The 
efficiency of carving, unfortunately, limited the development of information recording. New 
writing methods using inks were developed. Some carbon materials, such as carbonized 
branches, and carbon blocks were used to record important information. However, these 
methods were not very convenient. For the ancient Chinese, “Mao Bi” (writing brushes) and 
“Mo” (inksticks) became the dominant writing media for the whole country. This tradition 
continued through the early twentieth century, and they still exist as an alternative to pen-
writing, and an artistic means of expression. The Chinese inkstick is a perfect example of 
how to disperse carbon in water. The “Mo” can dissolve well in water and be used for writing. 
This may be the earliest method to disperse carbon into water developed by human beings.  
      The effective composition of “Mo” is the sublimate of pine roots. To be specific, good-
quality pine roots are incinerated, and black solid powder is desublimated from the pine root 
smoke on the chimney wall. The black powder, named “Yan” in Chinese, is carbon 
homologues, possibly graphene, and other carbon nanomaterials. After mixing the “Yan” 
with animal glue obtained from cow leather, comprising of bio polymeric gelatin, and other 
additives, the highly viscous mixture is kneaded by hand. Following mounding and drying in 
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the shade, the soft hydrogel containing “Yan” is finally turned into stiff “Mo”. This perfect 
nano carbon hybrid hydrogel can be dispersed in water and used as ink.   
       This traditional but brilliant hydrogel/carbon based nanomaterial composite is 
extraordinarily useful and shows the intelligence of human beings. Because it is difficult for 
water to wet the surface of carbon based materials, which limits their application in some 
areas, the dispersion of carbon materials into water has been a challenge for a long time, 
especially after the discovery of fullerenes, carbon nanotubes, and graphene, and the 
development of nano carbon hydrogels. 
      Hydrogels, which can be defined as three-dimensional networks of cross-linked chains 
swollen with water [1, 2], such as agarose, chitosan, poly (N-isopropyl acrylamide), have 
been studied for decades [3, 4]. The networks are insoluble in water owing to the chemical or 
physical crosslinks, such as entanglements or crystallites [5]. In addition, water fills the 
network. Due to their special properties such as, high water content, porosity and soft 
consistency, hydrogels have received much attention during the last decade, because of their 
exceptional potential in a wide range of applications, including in the food industry, drug 
delivery, chemical-/bio-sensing, and environmental treatment [6, 7]. 
Some nanoparticles have been incorporated with hydrogels, to overcome hydrogels’ 
inherent disadvantages or to meet various demands with multiple functionalities. 
Nanomaterial/hydrogel composites, also known as hybrid hydrogels, can be defined as 
hydrated networks, consisting of covalently or physically cross-linking structures with each 
other and/or with nanoparticles. They have been developed into a new research area owing to 
their special properties. Normally, nanoparticles can modify the properties of hydrogels, such 
as enhancing their mechanical strength, stimuli response drug release profiles, remote 
actuation capabilities, biological interactions, and so on. Several researchers have developed 
hydrogel nanocomposites with different particulates. Various types of nanoparticles, such as 
	 23	
metal/metal-oxide nanoparticles (gold, silver, iron-oxide), silicon-based nanoparticles (silica), 
polymeric nanoparticles (hyper-branched polyesters), and other carbon-based nanomaterials, 
are combined with the hydrogel network to obtain nanomaterial/hydrogel composites [8, 9]. 
In these hybrid hydrogel systems, nanoparticles interact with the network physically or 
covalently, resulting in novel properties [10, 11].   
There are three typical forms of carbon: amorphous carbon, graphite and diamond 
(Figure 2.1), of which diamond is the most well-known. Typically, each carbon atom 
connects with the other four carbon atoms in a regular lattice. In addition, it is the hardest 
matter in the world. Graphite consists of many layered structures. The carbon atoms are 
arranged in a honeycomb lattice with a bond length of 0.142 nm in every single layer, and the 
distance between two planes is 0.335 nm. Atoms in the plane are bonded covalently, with 
only three of the other four potential bonding sites satisfied. Bonding between layers is  weak 
van der Waals interactions.  Nanomaterials are materials of which a single unit is sized (in at 
least one dimension) between 1 and 100 nanometers, and there are several well-known 
carbon based nanomaterials, including buckminsterfullerene C60 ([60] fullerene), carbon 
nanotubes (CNTs), and graphene [12-19], which are shown in Figure 2.1. These carbon 
materials open up several research areas and may be applied in future.  
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Figure 2.1 | Carbon materials: a) diamond, b) graphite, c) buckminsterfullerene C60, d) 
single-walled carbon nanotube, and e) graphene.  
Those carbon based nanomaterials have many special properties, including super-
conductivity, ultra-thermal-conductivity, and super-mechanical properties. When these 
carbon based nanomaterials are incorporated into hydrogels, the as-formed hybrid hydrogels 
may overcome some disadvantages of hydrogels and be applied in some novel fields.   
In this review, we focus on carbon based nanomaterial composites with hydrogel. We 
review recent research advances in synthesis, and applications of carbon nanomaterial based 
hydrogel composites, especially for environmental and mechanical applications. 
2.2. Synthesis of carbon based nanomaterial hybrid hydrogel. 
Many different methods exist to synthesis carbon based nanomaterial hybrid hydrogels, 
depending on which part is the network structure. There are basically three different methods 
to fabricate hybrid hydrogels. Firstly, the carbon based nanomaterials are dispersed into the 
hydrogel network, induced by physical or chemical interactions. Secondly, the carbon based 
nanomaterial acts as the structure of the hydrogel network. Most commonly, it is the cross-
linked point on the network.  Finally, carbon based nanomaterial forms the network, and then 
monomers are immersed inside and polymerized, forming another network. And in this way, 
an inter-penetrating network is prepared. Considering the special hydrophobic character of 
carbon based nanomaterials, the key problem in synthesizing these hybrid composite 
nanomaterials is how to disperse those carbon based nanomaterials in water. 
2.2.1. Synthesis of [60] fullerene based hybrid hydrogel 
[60]Fullerene (C60) was discovered by Kroto et al. in 1985 [12, 20]. It has a football-like 
structure, with a diameter of 7.1 Å and a center-to-center distance between neighboring 
molecules in a single crystal of approximately 10 Å, consisting of 12 pentagons and 20 
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hexagons facing symmetrically [21] [60]fullerene shows great potential for utilization in 
cutting-edge research fields, including photoelectric devices [22] and biomedicines [23]. 
Functionalized [60] fullerene derivatives are also employed in advanced biological and 
environmental studies [24, 25]. Despite their advantages, since [60] fullerenes are hard to 
disperse in every common solvent; it is of importance to increase their solvent solubility or 
ability to be dispersed, especially in aqueous media. Basically, there are two ways to realize 
the goal: chemical binding and physical encapsulation [26, 27]. They greatly promote 
research into the uses of fullerene in the photoelectric field, especially fullerene-polymer-
based solar cells [28]. 
    Based on explorations on increasing the solvent solubility or suspension ability of 
fullerenes, several examples of fullerene-containing polymer hydrogels have been reported 
both chemical crosslinking and physical complication can effectively realize the stable 
suspension of fullerenes in hydrogel networks and solvent media. However, it is important to 
note that, due to their 0 D structural characteristic, fullerenes are not able to form a carbon 
based network, and as a result only two methods are available for fullerene-polymer 
hydrogels: the adsorption of fullerenes into polymer hydrogel networks, and the crosslinking 
of polymers by fullerenes. 
2.2.1.1 Hybrid hydrogel formation via physical complexation by non-covalent 
interactions 
      One way to elevate the solubility of fullerenes is to obtain fullerene-polymer complexes 
by non-covalent interactions, including host-guest interactions, and charge-transfer 
interactions, and this has been utilized to construct water/organic solvent soluble complexes 
in previous studies [27]. For example, Mba et al. reported method to construct a [60] 
fullerene-containing complex with help of a cyclic decapeptide by non-covalent bonding, and 
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the as-prepared water-dispersible nanocomposite possessed [60] fullerene concentrations of 
up to 1.3 mg·mL-1 [31]. 
Ikeda et al. recently designed a fullerene exchange system between γ-cyclodextrins (γ-
CDx) and pH-responsive hydrogel and established pH-responsive fullerene-containing 
hydrogel materials [32]. The encapsulation of [60] fullerene by 106-nm-diameter poly (2-
(diethylamino) ethyl methacrylate) hydrogel was achieved at pH below 7.8 from C60-γ-CDx 
complex by the exchange method. C70 could also be transferred to swollen hydrogels with the 
help of γ-CDx. When the pH was above 7.8, the transfer did not occur due to the shrinkage of 
the hydrogel. The C70-incorporated hydrogel in its swollen state also allowed more efficient 
production of 1O2, compared with C70 complexes. 
 
Fig. 2.2 (A) Schematic illustration of fullerene transfers from γ-CDx complex to nanogel with 
pH-responsiveness. (B) Detection of 1O2 generated by photo-inducing C70-incorporated 
nanogel (NGIC70) or its γ-CDx and liposome (LMIC70) counterparts. The absorbance of 9, 
10-anthracenebis (methylene)dimalonic acid (ADMD) is monitored at pH 5.9/7.9. ADMD is 
photobleached at 400 nm with 1O2. Reproduced with permission [32] 
        In addition, poly (2-(diethylamino) ethyl methacrylate) addressed above, poly 
(vinylpyrrolidone) (PVP) can also be utilized to fabricate C60-polymer complexes via donor-
acceptor interactions [33]. The adsorption of C60/PVP, with fullerene content of 1.2 wt %, 
(A) (B
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into sodium poly-acrylate micro-gels was achieved by swelling hydrogels in complex-
containing aqueous solutions. 
2.2.1.2 Hybrid hydrogel formation via chemical crosslinking with fullerene 
Research on the chemical combination of fullerenes and hydrogel first started with the 
polymerization and functionalization of fullerenes, and there were several successful trials to 
prepare fullerene polymers soluble in organic solvents [34]. Similarly, fullerene-containing 
hydrogel can be obtained via chemical reactions. 
The water-soluble [60] fullerene-containing polymer is primarily achieved by 
modifying fullerenol (C60(OH)10-12) with mono-isocyanate-terminated poly(ethylene oxide) 
(PEO) [26]. The as-prepared polymer contained one buckyball and two urethane-connected 
PEO chains. With the development of such methods, [60] fullerene-modified polymer 
hydrogel was reported by Tsubokawa et al.[35].  Poly(ethylene glycol) (PEG) biradicals, 
obtained by thermal decomposition of (Azo-PEG)n, were trapped by [60]fullerene, and the 
remaining terminal radical could react with other [60]fullerenes. Eventually C60-PEG 
hydrogel was formed, and C60 acted as a cross-linker. This hydrogel can be swelled well in 
water, and its thermal stability is dramatically enhanced compared with that of (Azo-PEG)n. 
      Following the same methodology, Yamauchi et al. recently composited C60-PEG gel with 
poly(3,4-ethylenedioxythiophene) (PEDOT) via chemical oxidative polymerization.[36]. 
During polymerization, PEDOT was possibly synthesized inside the C60-PEG gel, and 
interpenetrating network gel structures between C60 and PEDOT were formed. 
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Fig. 2.3 Schematic representation of (A) C 60-PEG gel preparation by reaction of C60 with 
PEG biradicals, and (B) C60-PEG/PEDOT gel preparation with in-situ chemical oxidative 
polymerization of PEDOT [35, 36] 
2.2.2. Synthesis of carbon nanotubes based hybrid hydrogel 
     In 1991, Iijima found needle-like tubes, when he was using a transmission electron 
microscope (TEM) to examine carbon samples generated by an arc-discharge method, similar 
to that used for fullerene synthesis. Today they are popularly known as carbon nanotubes [14]. 
Since Iijima reported these carbon nanotubes (CNTs), they have attracted much attention as a 
potential material in many fields, owing to their excellent properties, including their high 
aspect ratio, extraordinary mechanical properties, and enhanced electrical conductivity. To 
date, they have been used in many fields, ranging from optoelectronics to biomedicine. 
     There have been many reports on how to disperse CNTs in water. Many surface 
modification strategies, such as acid treatment and surfactant activation, have been used to 
enhance the dispersion abilities of carbon nanotubes in water. In addition, owing to their 1-D 
(A) 
(B) 
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structural, CNTs can only disperse in hydrogel networks or act as cross-linkers. It is hardly 
for CNTs to form their own structure without hydrogel   
2.2.2.1 Carbon nanotubes dispersed in polymer hydrogel network. 
        Carbon nanotubes dispersed in water via acid treatment  
       Acid treatment is the most common method to modification CNTs, owing to its 
simplicity and ease of handling. Typically, CNTs are mixed with nitric acid at high 
temperature, which modifies the surface of the tubes, leading to the functionalization of 
carboxyl and hydroxyl groups on the CNTs. Those groups facilitate the dispersion of CNTs 
in water or react with other functional groups.  
        Tong et al. reported a method to incorporate CNTs into poly (vinyl alcohol) (PVA) 
hydrogels [37]. Firstly, the surfaces of CNTs are treated with acid to help them disperse into 
water. Then, the carbonyl functionalized CNTs are mixed with PVA solution, followed by 
freezing and thawing cycles between -20 and 20 oC in a heated/refrigerated circulator at the 
rate of 0.2 oC/min. 
 
Figure 2.4 Photographs of Hyaluronic Acid (HA) solution (transparent, on the left) and 
Single Walled Carbon Nanotube (SWCNTs) dispersion within HA solution (dark, on the 
right). [38] The arrow points to the photograph showing invertible HA gels, native (white) 
and hybridized (dark), formed after 30 min of reaction with divinyl sulfone (DVS). 
         
       Bhattacharyya et. al.  used acid-treated SWCNTs with hyaluronic acid-forming hybrid 
hyaluronic acid (HA) hydrogel [38]. After the dispersal of functionalized SWCNTs in 
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hyaluronic acid–water solution, there is no macroscopic phase separation between HA 
hydrogel and SWNTs, as shown in Figure 2.4, proving that it is a homogenous solution. 
Hybrid HA hydrogels with SWCNTs were then formed by cross-linking with divinyl sulfone 
(DVS). The FTIR results prove that crosslinking occurs via the hydroxyl groups of HA. In 
these hybrid hydrogels, the functionalized SWNTs enhance the viscoelastic properties of the 
hydrogels without changing their swelling behavior. 
    
     Carbon nanotubes dispersed in water via surfactant assisted  
    Since hydrophobic interaction is one of the most efficiency interactions in water, the 
hydrophobic part of the surfactant could be adsorbed on the surface of CNTs, which causes 
the carbon nanotubes to be well dispersed in the water. Tan et al. used a bile salt bio-
surfactant, sodium deoxycholate (NaDC), to stabilize individual SWCNTs in water [39]. 
NaDC is an amphiphilic molecule with a hydrophobic part and a hydrophilic part (including 
two hydroxyls and one carboxyl), which form a fibrous self-assembly in aqueous solution 
when the concentration is higher than its critical micelle concentration (CMC). It can be 
adsorbed on the surface of SWCNTs by hydrophobic interactions and helps them disperse in 
water. SWCNTs and NaDC were mixed in water by ball-milling with the help of ultra-
sonication.  Next, a black sol sample was aged for 24 hours until it changed into gel. With the 
help of water, the NaDC formed complex supra-molecular nanostructures triggered by 
SWCNTs, and the NaDC-functionalized SWCNTs were well dispersed in the NaDC hydrated 
matrix (as shown in Figure 2.5(a)).  
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Figure 2.5 (a) Schematic representation of formation a hydrogel of SWCNTs triggered by 
NaDC. [39] b) Schematic representation of hydrogel formation using glutaraldehyde as the 
cross-linker[40]. 
 
      Strano et al. prepared a SWCNT/Poly (vinyl alcohol) (PVA) composite hydrogel. 
SWCNTs were mixed with sodium cholate aqueous solution with the help of probe tip 
sonication, causing the dispersion of SWCNTs in water [40].  The resulting solutions were 
mixed with aqueous solutions of PVA at the concentration of 5 wt%. As shown in Figure 
2.5(b), the glutaraldehyde was the cross-linking agent, followed by H2SO4 as the catalyst. 
The mixture was poured into a Teflon mold and allowed to set overnight. After gelation, the 
hydrogels were rinsed with water until the pH was constant. 
2.2.2.2 Carbon nanotubes play the role of structure in hybrid hydrogel  
In these hybrid hydrogels, the carbon nanotubes are part of the network. Normally, they 
play the role of cross-linkers, which connect the polymer chains. 
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Figure 2.6 (b) Preparation procedures of fractal-like CNT networks embedded in GelMA 
hydrogel. (c) TEM image of GelMA-coated CNTs. (d) SEM images showing porous surfaces 
of CNT-GelMA thin film. Magnified image shows Nano fibrous networks across and inside a 
porous structure [41]. 
 
     Khademhosseini et al. reported a CNTs/gelatin methacrylate (GelMA) composite hydrogel, 
which exhibits excellent mechanical integrity and electrophysiological functions [41]. Gelatin 
was dissolved into Dulbecco’s phosphate buffered saline (DPBS) at 50 oC. To modify the 
lysine groups on gelatin chains, methacrylate anhydride was added to the gelation solution at 
50 oC. After 2 h, the solution was diluted with DPBS to quench the reaction, and the white 
foamy GelMA was lyophilized for 5 days. Next, the GelMA was dissolved in DPBS solution 
and mixed with carboxyl-functionalized multi-walled CNTs (MWCNTs) under sonication to 
produce a black solution. The GelMA solution containing photo initiator was then added. 
Finally, the composite hydrogels were polymerized by UV light  
    Yang et al. prepared a poly(acrylamide-co-sodium methacrylate)(PAM-co-MA) 
nanocomposite hydrogel with carbon nanotubes [42]. The carbon nanotubes in these 
hydrogels play a role as physical cross-linkers instead of traditional N, N’-
methylenebisacrylamide (BIS) in polyacrylamide hydrogel, which decreases the cross-linking 
density and enlarge the pore size. In addition, when the carbon nanotubes were introduced, an 
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additional electrostatic repulsion was also generated between polymer chains and MWCNTs–
COO−, causing more water to be imbibed in the composite hydrogel. 
2.2.3 Synthesis of graphene based hybrid hydrogel  
    Graphene was reported by Geim and Novoselov in 2004, and has attracted much attention 
owing to its special properties, including its large surface area, excellent electric conductivity, 
and super-thermal conductivity. Graphene is a single layer graphite, which is a one-atom-
thick planar sheet of sp2-bonded carbon atoms. This discovery was recognized by the award 
of Nobel Prize in 2010 and grapheme has since extended into a large research field [15, 43, 
44].    
    Today, several methods exist for the synthesis of graphene, including epitaxial growth, 
chemical vapour deposition (CVD), liquid-phase exfoliation, and chemical exfoliation. Of 
these methods, chemical exfoliation, especially Hummer’s method, is the most widely used in 
research study. It is simple, relies on no special equipment and allows GO to carry a high 
density of functional groups. The oxidation-exfoliation-reduction process is shown in Figure 
2.7, which generally involves chemical oxidation of graphite into graphite oxide, followed by 
exfoliation of graphite oxide into single-layered graphene oxide, and the reduction of GO to 
reduced graphene oxide with a low oxygen-to-carbon atomic ratio [45]. Since GO and rGO 
are 2D nanomaterials, they are reviewed together here. 
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Figure 2.7 Schematic illustrations of chemical oxidation, exfoliation, and reduction methods 
to prepare reduced graphene oxide from graphite. 
2.2.3.1 Polymer chains were the main structure of composite hydrogel. 
         In composite hydrogels, the polymer chains are the structure, and GO/rGO are filled 
with hydrogels with weak interactions 
       Hydrid hydrogel were filled with GO 
In these hydrogels, there are only weak interactions between GO and polymer chains (no 
strong covalent bonding between them). Normally, the monomers are mixed with aqueous 
dispersion of GO, and then the hydrogels are polymerized by thermal, light or other external 
stimuli. Wang’s group reported a simple method to synthesize GO-loaded agarose hydrogel, 
which can be used for organic solvent decontamination [46]. Agarose powders are added to 
an aqueous solution of GO. They are then heated at 80 oC until the agarose powder is well 
dissolved. Finally, mixture suspensions are dropped into liquid nitrogen using pipettes. Yu et 
al. [47] reported an environmentally-friendly route for the preparation of poly (N-
isopropylacrylamide) (PNIPAM)/GO composite hydrogels. Aqueous solutions of GO, N-
isopropylacrylamide and N, N’-methylenebisacrylamide (BIS) were mixed and stirred. Next, 
the mixed solutions are transferred into glass bottles and dissolved oxygen is removed. 
Finally, the composite hydrogel is polymerized by γ-irradiation. Yu et.al. synthesized a high-
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strength GO/PVA composite hydrogel [48]. PVA was added to distilled water and stirred at 
90 oC for 1 h. Next, it was mixed with GO aqueous suspension and ultra-sonicated to remove 
the bubbles. Finally, the homogeneous solution was poured into a glass mould for repeated 
freeze/thaw cycles. 
      The hybrid hydrogel was filled with rGO 
      Since the GO in these composite hydrogels are only filling materials, they can be reduced 
into rGO by many reduction methods. For example, Yoo et al. prepared rGO-loaded PNIPAm 
hydrogels by free radical polymerization [49]. The monomer solutions of (N-
isopropylacrylamide) (NIPAM), sodium acrylate, BIS and GO were mixed, and 
polymerization was initiated by N, N, N’ N’-Tetramethylenediamine and ammonium 
persulfate aqueous solution. To reduce the GO in the composite hydrogel, the PNIPAm/GO 
hydrogels were swelled in hydrazine monohydrate solution, as shown in Figure 2.8. As time 
passed, the color of the composite hydrogel became darker.  Figure 2.8(b) shows the XRD 
profiles for pure GO and PNIPAm mixed with GO before and after reduction. After GO was 
incorporated into the PNIPAm matrix by free-radical polymerization, the XRD profile of the 
composite hydrogel conformed that GO was successfully dispersed into the PNIPAm 
hydrogel. After reduction by hydrazine monohydrate solution, rGO were prepared and well 
dispersed inside the hydrogel, as confirmed by the XRD result. 
 
Figure 2.8 (a) Schematic illustration of reduction of graphene oxide (GO) dispersed in 
hydrogel. (b) XRD profiles of GO, PNIPAm, and PNIPAm/GO composite hydrogels before 
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and after reduction in hydrazine monohydrate solution for 96 hours (PNIPAm/rGO (96 h)) 
[49]. 
 
In some other composite hydrogels, the GO/rGO is filled with hydrogels with strong 
interactions, such as covalent bonding. 
 Wu et al.[50]  reported a GO-interpenetrated PNIPAM hydrogel network (GO/PNIPAM 
IPN composite hydrogel). In GO/PNIPAM IPN composite hydrogel, GO plays the role of 
crosslinking points. As shown in Figure 2.9(a), the carboxyl groups of GO and the polymer 
react with epichlorohydrin (ECH), resulting in covalent bonding between GO and polymer 
chains. Typically, mono-dispersed PNIPAM-co-AA hydrogel is prepared by polymerization.  
The PNIPAM-co-AA hydrogel aqueous suspension and GO aqueous solution are then mixed 
and transferred into a tube. ECH is injected into the tube. The whole tube is sealed and placed 
at 98 oC for 24 h. The procedure ensures that GO reacts with ECH and connects with 
hydrogel. The cross-linked polymer chains inside each particle have a mesh size of 1-10 nm, 
and the secondary one consists of a cross-linked system of nanoparticles and nanosheets with 
a mesh size of 10-500 nm. This composite hydrogel can be used as a pH-sensitive and 
thermally-responsive drug carrier. 
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Figure 2.9 (a) Formation of GO/PNIPAM IPN composite hydrogel. b) Structural sketch of 
GO/PNIPAM IPN hydrogel c) Sealed tube is placed at 98 oC for 24 h for the cross-linking 
reaction.[50] (d) Schematic illustration of hydrogen-bonding interactions of PAACA side 
chains at low pH  and (e) Illustration of assembly mechanism of GO/PAACA hydrogel [51] a 
Green curves represent the backbones of polymer chains. Face-on (red) and interleaved (blue) 
hydrogen-bonding configurations are proposed. 
2.2.3.2 The filled rGO formed network in the composite hydrogel by covalent bonding. 
In composite hydrogels, there are two networks. Both rGO/GO and polymer chains 
form the networks, respectively. Usually, GO is incorporated into the network and cross-
linked later by ions and so on. Yu et al. prepared GO/poly(acryloyl-6-aminocaproic acid) 
(PAACA) composite hydrogels with enhanced mechanical properties and self-healing 
capability to pH stimulus [51]. Figure 2.9(d) shows the structural schematic diagram of the 
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composite hydrogel. In the GO/PAACA composite hydrogel, there are two kinds of hydrogen 
bonding in the cross-linked network. On one hand, the PAACA forms a polymer network, 
and the carboxyl groups on PAACA side chains interact with oxygen-containing groups of 
GO via hydrogen bonding. On the other hand, the oxygen-containing groups of GO and the 
polar groups of PAACA side chains are connected by Ca2+, which forms another complex 
network (Figure 2.9(e)).   
     Shi  et al. reported the production of a novel GO/ sodium alginate (SA)/polyacrylamide 
(PAM) ternary nanocomposite hydrogel by free radical polymerization, which exhibits 
excellent mechanical performance[52]. Firstly, the SA, acrylamide (AAm), ammonium 
persulfate (APS), N,N’-methylenebisacrylamide (BIS), and GO are mixed and maintained at 
0 oC, The homogeneous mixture solution is then transferred into a tube and kept for hydrogel 
formation at 80 oC for 2 h. After the unreacted monomers are washed out by fresh water, the 
composite hydrogel is immersed in CaCl2 aqueous solution, which allows the Ca2+ to be 
cross-linked. 
2.2.3.3 Polymer chains filled in GO/rGO network.  
     Not only hydrogels can form the network, but graphene oxide can also form the network, 
when the filling material is hydrogel. GO is hydrophilic, and can be well dispersed in water. 
After reduction to rGO, the rGO can construct complicated three-dimensional 
macrostructures via self-assembly induced by hydrophobic interactions. Following Shi et al.’s 
work, which reported a high-performance self-assembled graphene hydrogel produced by a 
one-step hydrothermal method, many related works have been reported [53]. In these 
hydrogels, the GO is reduced into rGo and forms a network, and the polymer is poured into 
the network. 
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Figure 2.10 (a) Schematic illustration of preparation of graphene–PDMAA cross-linked 
structure. (b) Self-healing of graphene–PDMAA gels with mechanical damage. [54] 
 
    Li et al. reported a strategy to prepare graphene/poly(N,N-dimethylacrylamide) (PDMAA) 
[54]. First, graphene hydrogels are prepared according to the literature [53].  The as-prepared 
graphene hydrogel is then immersed in a DMAA solution (10 wt% monomer, 0.1 wt% 
potassium persulfate, N, N, N’, N’-tetramethyldiamine) at 2 oC to exchange its interior water 
with DMAA monomer solution. Then, PDMAA is synthesized by free-radical polymerization, 
when the temperature is increased to 25 oC.  Figure 2.10 shows the synthesis progress. As 
shown in Figure 2.10, the rGO forms a network structure, then PDMAA is polymerized in 
situ and fills the structure. 
      The rGO/PDMAA composite hydrogel exhibits excellent electrical conductivity. In 
addition, it also has self-healing properties, owing to its special structure. As shown in Figure 
2.10(b), a long free-standing graphene/PDMAA hydrogel was cut in two pieces. Then, the 
two parts were placed together and the whole sample was heated at 37 oC in air for 12 h. The 
self-healed hydrogel was strong enough to handle, and the electrical conductivity of 
graphene/PDMAA composite hydrogel was similar with pristine composite hydrogel.   
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2.3. Applications  
       Owing to the special properties of these carbon-based nanomaterials, hybrid hydrogels 
can be used in many fields.  
2.3.1 Biomaterials  
    In the biomedical field, carbon based hybrid hydrogels can be used for drug delivery.  
Fullerene-containing hydrogels are used in fullerene delivery, and tumor treatment 
applications etc. In the PVP-fullerene hydrogel produced by Budtova et.al [37], the 
C[60]/PVP complex achieved was released under shear from the complex-penetrated 
hydrogel using a rheo-optical set-up. The release process can be controlled by strain and 
polymer concentration. 
      Interestingly, by simply physically mixing nanoparticles of the fullerene derivatives, 
metallofullerol Gd@C82(OH)22 and C60(OH)24, into collagen, a bioactive hydrogel can be 
prepared [56]. Both fullerene derivatives can reduce the rigidity of collagen. This method 
could potentially be used in tumor treatment, because the progression of cancer is slowed 
when the stiffness of the extracellular matrix constructed by collagen near tumor tissue is 
significantly decreased. This work indicates the huge potential of fullerene-derivative-
containing polymer hydrogels in biomedical applications. 
2.3.2 Enhancing Mechanical Properties 
Most hydrogels have poor mechanical properties, which limits their applications as 
structural materials. Crosslinking by chemical agents or physical methods (e.g. freeze/thaw 
cycles) is often used to reinforce hydrogels. Its shortcoming is that a large amount of cross- 
linkers results in the reduction of swelling capability. Because the length-to-diameter ratio of 
CNTs is higher than other materials, they can be used to enhance the mechanical performance 
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of materials. Kumar Das et al.[57]  reported a newly-synthesized hydrogel with a large 
amount of SWCNTs (2-3.5%) without affecting the gelatine properties, and the developed 
nanocomposites showed manifold enhancement (≈85-fold) in their mechanical strength 
compared with native hydrogel without SWCNTs. The viscoelastic properties of these 
nanocomposites are readily tuned by varying the amount of CNTs incorporated. Lee et al. 
report the incorporation of CNTs into Chitosan(CS) hydrogel, which enhances the 
mechanical strength and acid stability of the hydrogel [58]. The maximum endurable force at 
complete breakdown of CS hydrogel beads increased from 1.87 to 7.62 N after CNTs were 
added. Tong et.al. synthesised poly(vinyl alcohol)(PVA)/CNTs hybrid hydrogel by the 
freezing/thawing method [37], and the mechanical  properties of  the hybrid hydrogel were 
better than those of the original PVA hydrogel. Typically, for CNTP-0.5 with 0.5% w/w 
CNTs, its tensile modulus, tensile strength and strain at break are increased by 78.2%, 94.3% 
and 12.7%, respectively.   Adronov et.al. reported a PEI/SWNTs  collagen hydrogel [59]. The 
results showed that the SWNTs enriched the material’s Young’s modulus by 4.5 to 9 times 
over that without SWNTs, and the test results showed that the SWNT/PEIs were the cross-
linkers in the collagen hydrogel, which enhance its mechanical strength.  
2.3.3 Environment Treatment  
Carbon based nanomaterials are perfect candidates for fabricating novel super-
absorbent hydrogels because of the abundant hydrophilic groups on the surface (treated with 
surfactant and acid). Owing to their large surface area and their many functional groups, 
carbon based nanomaterial/hydrogel composites easily synthesize super-adsorption 
composites. Shawky et.al. prepared a chitosan /carbon nanotubes (CS/CNTs) hybrid hydrogel 
for use for water decontamination [61].  The results show that the maximum Hg (II) removal 
values were 148.7, 183.2, 167.5, 172.7 mg·g-1 by CS, MWCNT-COOH-impregnated CS 
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beads, MWCNT-impregnated CS beads, and SWCNT-impregnated CS composite beads, 
respectively. The CS/MWCNT-COOH beads exhibited greater adsorption performance than 
the CS/MWCNT beads. This could be explained by the fact that the COOH functional group 
could have caused the negative charge on the carbon surface, and the oxygen atoms in the 
functional groups donated a single pair of electrons to the metal ions, which consequently 
increased their cation-exchange capacity. Woo et al. reported incorporating MWCNTs into 
chitosan (CS) hydrogel beads, which were used for removing Congo red (CR) from water 
[60].  The maximum enhancement of the adsorption capacity of Congo red was achieved by 
adding 0.01 wt% CNT impregnation. In this hybrid hydrogel, the CNT not only enhances the 
adsorption of CS hydrogels, but also enhances the mechanical strength. CNTs have large 
surface area and strong interactions between the benzene rings of CR and hexagonal arrays of 
carbon atoms occur in the CNTs during adsorption. The adsorption performance of the 
CS/CNTs beads depends on the homogeneous and stable dispersion of the CNTs in the CS 
matrix. The surfactant CTAB  also contributes to the high adsorption capacity of the CS/CNT 
beads. The enhancing effect of CTAB on adsorption is partly due to the hydrophobic 
interactions between the hydrophobic tail of CTAB and the hydrophobic moieties of CR.  
Jain et al. prepared a PVA/MWCNTs hydrogel to remove lead ions from water [62]. The 
hydrogel was used as a substrate for effective dispersion of the CNT and was found to be a 
re-usable adsorbent for Pb(II) removal from contaminated water. It was found that because of 
effective dispersion, a very small amount of CNT (2.5 mg) removed more than 80% of Pb(II) 
from the water sample evaluated at an initial concentration of 1000 µg·L-1.  
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Figure 2.11 Removal of dyes from water by filtration. (a) and (b) Images of apparatus used for 
filtration and solution before and after filtration [64] 
 
Li reported a GO/chitosan (GO-CS) composite hydrogel for use as a new type of 
adsorbent for water decontamination [64]. GO-CS hydrogels were prepared by self-assembly 
of GO and CS chains. A three-dimensional network composed of GO sheets cross-linked by 
CS was found in the GO-CS hydrogels. As shown in Figure 2.11, the composite hydrogels 
showed excellent adsorption of organic dyes, including cationic and anionic dyes. The 
experimental results also showed that the adsorption capacities of the hydrogels for 
methylene blue happened on GO and the adsorption of Eosin Y happened on Chitosan. This 
means that the hydrogel and GO adsorb different impurities in water. 
Xu prepared a series of GO/poly(acrylic acid-co-acrylamide)(GO/PAM-co-PAA) 
super-absorbent hydrogel nanocomposites by in-situ radical polymerization [65]. A series of 
novel GO/P(AA-co-AM) super-absorbent hydrogels was successfully produced by the simple 
strategy of in-situ radical solution polymerization. Owing to the hydrogen bonds and possible 
covalent bonds between GO and polymer chains, relatively lower content (<0.30 wt%) of GO 
was well dispersed in the polymer matrix and enhanced the intermolecular interactions 
between the components. In contrast, an excessive amount of GO sheets might form large 
agglomerates and weaken the interfacial interactions, resulting in micro-phase separation 
between the components. Interestingly, the nanocomposites containing 0.10 wt% GO sheets 
possessed the highest Tg (transition temperatures) well as the highest storage modulus in the 
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rubbery state. Furthermore, the GO content significantly influenced the swelling behaviors 
and swelling kinetics of the super-absorbent hydrogel nanocomposites. The swelling 
capacities and swelling rates of hydrogels increased with increasing GO content (<0.30 wt%) 
and then decreased with further increasing GO loadings. It is worth mentioning that the 
hydrogels only containing 0.10 wt% GO sheets showed outstanding swelling capacities (1094 
g·g-1 in deionized water and 75 g·g-1 in 0.9 % NaCl solution), which were much higher than 
the results for the pure hydrogel. Moreover, the GO/P(AA-co-AM) super-absorbent 
hydrogels exhibited pH-sensitive behavior and also retained relatively higher swelling 
capacities to a certain degree for acidic and basic solutions. Therefore, the as-prepared GO-
based super-absorbent hydrogels containing extremely low GO content may have potential 
applications in many areas, such as biomedical engineering, construction engineering and 
hygienic products.             
Duan et al. report a one-step approach to polydopamine-modified graphene hydrogel 
(PDA-GH), with dopamine serving as both reductant and surface functionalization agent [66]. 
Benefiting from the abundant functional groups of polydopamine(PDA) and the high specific 
surface area of graphene hydrogel with three-dimensional interconnected pores, the prepared 
material exhibits high adsorption capacities to a wide spectrum of contaminants, including 
heavy metals, synthetic dyes, and aromatic pollutants. We have demonstrated a one-step 
method to prepare PDA-functionalized graphene hydrogel and found that the adsorption 
capacity of PDA-GH for different kinds of pollutants was greatly enhanced in comparison 
with HT-GH. The formation of free-standing graphene hydrogel with sufficient 
functionalities effectively addresses the problems associated with carbon nanomaterials in 
water purification, including the low adsorption capacity, the complicated recovery process, 
and the potential side effects due to the residual adsorbents in water. Importantly, PDA-GH 
can be easily regenerated by low-cost reagents, and exhibits high adsorption capacity after 
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multiple adsorption−desorption cycles. Taken together, PDA-GH is of great potential as a 
new class of freestanding adsorbent for water purification. 
    Shang et al.’s GO-based KGM (konjac glucomannan) hydrogel was prepared using ionic 
crosslinking of calcium ions. The morphology, structure and swelling behaviour of the 
KGM/GO hydrogel were studied. The dye absorption capability of the KGM/GO hydrogel to 
methyl orange (MO) and methyl blue (MB) was then investigated. The influences of contact 
time on MO and MB adsorption for KGM hydrogel and KGM/GO hydrogel at room 
temperature (25 ◦C). The concentration of MO was 50 mg·L-1 (0.15 mmol·L-1) and the 
concentration of MB was 120 mg·L-1  (0.15 mmol·L-1). As the results showed, the 
introduction of GO greatly enhanced the adsorption capability of the hydrogel for both MO 
and MB. Compared with non-ionic KGM, GO had exceptionally larger surface area and an 
aromatic structure, which enabled the KGM/GO hydrogel to capture the MO and MB in the 
aqueous solution more easily through π-π stacking and ionic interactions 
       Wang et al. fabricated the GO/agarose hydrogel for use in organic solvent 
decontamination [46].After solvent exchange, which is shown in Figure 2.12(a), the 
Go/agarose hybrid hydrogel is transferred into hexadecane, which can be used for organic 
solvent exchange. With the help of agarose hydrogel, the GO disperses into its poor solvent 
without surface modification. The GOs loaded in the agarose network could effectively and 
efficiently adsorb lipophilic dyes in oil via hydrogen bonding between the polar groups of the 
GOs and the dyes.  
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.  
Figure. 2.12 (a)Transfer of GO-loaded agarose hydrogel beads from water to hexadecane via 
stepwise solvent exchange using ethanol as intermediate and adsorption of lipophilic dye by 
composite hydrogel beads in hexadecane. (b) and (c) Photographs of agarose hydrogel blocks 
loaded without (b) and with GOs (c) taken after being placed in NR solutions in fresh 
hexadecane (left panels), incubated for 2h (middle panels), and transferred back to pure 
hexadecane (right panels) [46].  
2.3.5 Electro-Chemistry  
    Matsue et al. reported a fabrication-aligned GelMA-CNTs hydrogel. This aligned 
composite hydrogel has higher electrical properties compared with pristine and randomly 
distrusted CNTs in GelMA hydrogel [67]. Owing to the high electrical conductivity of 
aligned composite hydrogels, the engineered fibers cultivated in these materials exhibit more 
maturation and contractility, particularly after applying ES along with CNT alignment, 
compared with pristine GelMA or GelMA hydrogels with randomly distributed CNTs. 
Stegemann et al. used solubilized collagen Type I, SWCNTs and human dermal fibroblast 
cells (HDFs) to produce collagen-SWCNTs composite hydrogel with HDF [68]. The 
conductivity of the composite hydrogel increased uniformly with the increasing wt% of 
SWNTs(R=0.78). Duan et al. reported the fabrication of a novel, flexible solid-state 
PVA/graphene hybrid hydrogel film with super-capacity [69]. This hybrid hydrogel exhibits a 
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high gravimetric specific capacitance (186 F·g-1 at 1A·g-1), excellent rate capability (70% 
retention at 20 A·g-1) and an unprecedented area-specific capacitance of 372 mF·cm-2. 
2.3.6 Actuators  
Hydrogel actuators can reversibly change their dimensions or shapes when external 
stimuli (e.g. solvent composition [70,71], temperature [70,72], and so on [73,74]). These 
hydrogel actuators with tunable speed and motion have potential applications in robotics, 
sensors, mechanical instruments, and switches [75-79]. 
Fujigaya et al. reported a SWNT-incorporated poly(N-isopropyl acrylamide)(PNIPAM) 
hydrogel, which shows a reversible (more than 1200 cycles) gel volume change by ON/OFF 
switching of near-infrared(NR) laser light irradiation [73]. In these hydrogels, the SWNTs 
used as molecular heaters, and the response time of the volume change can be controlled by 
changing the concentration of SWNTs as well as the power of the NR laser light. 
 
Figure 2.13 Programmable cubes: folding cube based on thermal responsive actuators.  (b) 
Cube folding by thermal actuation in 48 oC water. (c) Cube reversibly unfolds by cooling 
down the water bath in which cube is immersed [80] 
Javey et al. prepared a SWCNT/poly(N-isopropylacrylamide) (PNIPAM) composite 
hydrogel [80]. This composite hydrogel can be used as thermally- and optically-responsive 
actuators. The experimental results showed that the composite hydrogel exhibited 5-fold 
enhancement in the thermal response time than that of pure PNIPAM hydrogel. As shown in 
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Figure 2.13, when the composite hydrogel is placed in warm water (48 oC), the strain induced 
by the shrinkage of the hydrogel results in the cooperative folding of each hinge until the 
equilibrium shape of a cube is obtained. When the water cools down to 20 oC, the folded 
composites hydrogel returns to its normal shape. It takes about 35 seconds to finish the 
folding process and 150 s for the release process. 
Jaisankar [81] reported a simple method to prepare a novel pH sensitive polyampholyte 
nanogel by copolymerizing vinylimidazole (VIM) with acrylic acid (AA) using 
functionalized single-walled carbon nanotubes (f-SWCNTs) as reinforcing materials and 
cyanuric chloride via an intermolecular quarterisation reaction.. 
Gao et al. fabricated GO/polyacrylamide (GO/PAM) and GO/poly(acrylamide-co-
acrylic acid) (GO/PAM-co-PAA) composite hydrogels by in-situ polymerization [82]. These 
composite hydrogels transfer electrical energy into mechanical movement, as shown in 
Figure 2.14. For these composite hydrogels, the bending angle increases rapidly at first and 
then increases slowly before reaching a constant.  The hydrogel with PAA has higher bending 
angle than that without. When the GO is reduced, this effect is suppressed. The pH also 
affects the bending angle. The bending angle value and rate of change increase along with the 
pH. 
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Figure 2.14 (a) Photographs showing bending motion of GO/PAM hydrogel in the electric 
field-controlled motion of hydrogel actuators. (b) Images of fingers of hand-shaped hydrogel 
bending and unbending in response to location of a NR laser spot. (c) Images of laser raster 
direction-dependent folding axis of a circular composite hydrogel (centre) [82]. The raster 
directions are indicated by double-headed arrows (1 mm tick marks). (d) Schematic and 
images of a light-driven crawler. A hydrogel moulded with a slight curvature is placed with 
porous side facing down. The laser is applied to induce gel curling. Subsequent uncurling 
during recovery after the laser is removed pushes the gel forward (1 mm tick marks) [82, 83]. 
       
Lee et.al. fabricated a light-controlled grapheme-elastin composite hydrogel 
actuator [83]. This composite hydrogel exhibits diverse mechanical motions by 
controlling their shape and surface patterns by modulating laser positioning, timing 
and movement. They can even work like fingers, as shown in Figure 2.14(a). Any 
position can serve as a “joint”, which helps with bending the finger under NR laser.  
In addition, the bending directions can also be controlled. Typically, the bending axis 
corresponds to the hydrogel’s shorter dimension at the irradiation site. However, this 
could be changed by surface patterning. With the help of the results, an arch-shaped 
composite hydrogel can be moved when the edge is under NR light. 
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Figure. 2.15 (a) Shape recovery of PVA and PVA/GO (0.5 wt%, 1.0 wt%) samples (bent into 
“U”-like shape) in water. A pure PVA strip was coated with red dyestuff that changed its 
color from transparent to red (b) Illustration of hydrogen bonding interaction among PVA, 
GO and water and (c) Schematic representation of shape-memory PVA/GO materials 
actuated by water [84].. 
 
         Fu et al. [84] reported a novel PVA/GO composite hydrogel. This composite hydrogel 
is prepared by the solvent casting method. Figure 2.15(a) shows the shape change of PVA 
and PVA/GO composite hydrogels when immersed in water.  The pure PVA hydrogel cannot 
fully regain its original shape. However, if only 0.5% wt GO added, the PVA/GO composite 
hydrogel can return to its original shape quickly after immersion in water (60 s). When 1.0% 
wt GO is added, the recovery time may be as quick as 14 s. Figure 2.15(b) shows the 
schematic illustration of the composite hydrogel, ands the oxygenated functional groups of 
GO connect with the hydroxyl group of PVA by hydrogen bonding. Because GO has good 
	 51	
compatibility with the PVA chains and many PVA chains are attached to the surface of GO, 
the GO acts as additional physical crosslinking points. Therefore, the physically cross-linked 
hydrophilic PVA hydrogel is moderately swollen by water. 
 
 
Figure 2.16 (b) Photographs showing the self-healing and recycling properties of 
GO/PAACA hydrogel. (c) Photographs of the facile self-healing process of the GO 
composite hydrogel with two manual ruptures. The hydrogel is healed simply by dripping 
two drops of acid solution into the ruptures and pushing the fresh surfaces into contact [51]. 
 
        Yu et al. reported the self-healing GO/PAACA composite hydrogel shown in Figure 
2.16 [51]. When the composite hydrogel is immersed in acid solution (pH < 3) for several 
seconds, the separated parts are recombined, and, the self-healed composites hydrogel is 
strong enough to resist repeated stretches. After the release of stress, the composite hydrogel 
recovers its original shape and size. When the healed hydrogel is reintroduced into the high-
pH solution, it separates again. Figure 2.16 gives another example of the fast and facile self-
healing process. The fast self-healing ability of the prepared composite hydrogel does not 
deteriorate and kept well at the time of improving its mechanical properties through 
introduction of GO and calcium ions as double cross-linkers. 
2.4. Summary and outlook 
       Since most carbon-based nanomaterials are hydrophobic and are hard to disperse in 
water, their dispersal in water is the key problem which needs to be solved before hybrid 
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hydrogels were synthesized. In this review, several methods, including surface modification 
and surfactants, which help [60] fullerenes and CNTs disperse in water were introduced. 
Luckily, GO can be well dispersed in water and easily reduced to rGo, which is similar to 
graphene. These advantages help us synthesize large composite hydrogels.  Normally, three 
methods are used to synthesis hybrid hydrogels: 1) [60] fullerene, CNTs and GO 
nanomaterials are first dispersed in water, and mixed with monomer hydrogel, then the 
hydrogel forms a network. There is no covalent bonding with the hydrogel network. In 
addition, the GO can be connected by some ions >and so on <, which form another network; 
2) CNTs and GO work as cross-linkers, which have covalent bonding with the network; 3) 
GO is reduced to rGo to form the hydrogel network, and polymer fills the inside to form 
another network.  These composites hydrogels have been proved to be useful in many 
applications, such as water/ oil decontamination, sensors, and actuators. These applications   
have been reviewed in this chapter. 
        Although the study of hydrogel/carbon based nanomaterials started only a few years ago, 
they already show great potential for applications in fields including drug delivery, actuators, 
and environmental applications. There is no doubt that research on hybrid hydrogels will not 
only enrich academic knowledge, but also benefit daily life in the future. 
Here, we have few problems need to solve in this thesis, 1) how	to	disperse	rGO/GO	into	its	poor	solvent	without	surface	modification	2) The	adsorption	performances	of	rGO/GO	into	poor	solvent		
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3.	Experiment	section	
3.1 Materials 
Materials. Rhodamine B (RB), orange G (OG), Nile red (NR), Oil Red O(ORO), Methyl 
Red(MR), Aspirin, NaBH4, NaCl, MgCl2, agarose with gelation temperature of 36 °C, 
graphite flakes were purchased from Sigma-Aldrich and ethanol (99.5%) from Australia 
Chem-Supply Pty. Ltd. All the chemicals were used as received. Milli-Q water with 
resistivity of 18 MΩ·cm−1 was prepared using a Millipore Milli-Q system and used in all 
experiments. 
3.2 Sample preparation 
3.2.1 Synthesis agarose hydrogel beads loaded without and with GO (GO-AgarBs and 
AgarBs) 
GO were produced from graphite powders according to the process reported in 
literature [1, 2]. The aqueous powder dispersions of as-prepared GO (1 mL) were warmed up 
to 80 °C under magnetic stirring. Subsequently, 0.015 g of agarose powders was added into 
the hot GO dispersions in water. After the agarose powder were completely dissolved, the 
resulting hot dispersions of the GO/agarose mixtures were drop wise added into liquid 
nitrogen for quick gelation, yielding GO-AgarBs with sizes in the range of 2 – 4 mm after 
evaporation of liquid nitrogen at room temperature. In the resulting composite hydrogel, the 
agarose content was 1.5  wt  %  and the GO content was varied  from 0.1  wt  ‰ to 0.2  
wt  ‰, 0.3  wt  ‰    and  0.5  wt  ‰; the total solid content in the resulting GO-loaded 
agarose composite hydrogel was <1.55 wt% 
Following the same procedure, pristine agarose hydrogel beads were synthesized by 
using the hot (80 °C) solutions of agarose in the absence of GO into liquid nitrogen.   
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3.2.2 Synthesis  rGO-loaded AgarBs (rGO-AgarBs).  
1 gram GO-loaded agarose hydrogel beads(GO content  0.2 wt ‰) were incubated in 
10 mL of the aqueous solutions of NaBH4 (0.01 g/mL) overnight, during which the reduction 
of the GO into rGO in the agarose matrices drove the composite agarose hydrogel beads 
afloat on the solution surfaces. The resulting rGO-loaded agarose hydrogel beads were 
washed with fresh water several times till the pH of the aqueous media was 7. Since there 
was almost no loss in mass during NaBH4 reduction of GO, the contents of agarose and rGO 
in the resulting rGO-loaded agarose hydrogel beads were 1.5 wt % and 0.2 wt ‰, 
respectively.  
3.2.3 Transfer GO-loaded agarose hydrogel into organic media.  
As-prepared GO-loaded agarose hydrogel beads were transferred from water to 
ethanol. The composite hydrogel beads were suspended in ethanol for 6 h, followed by 
decanting the ethanol and re-suspended in fresh ethanol. This ethanol washing process was 
repeated for 5 times to warrantee the complete replacement of water in the hydrogel beads 
with ethanol. Following the similar protocol, the composite hydrogel beads were  transferred  
from  ethanol  to  organic media(hexadecane or hexane)  by  5  times  washing  the  beads 
with organic media. 
3.2 Characterization Equipments  
3.3.1 Ultraviolet -visible spectroscopy 
Ultraviolet-Visible (UV-Vis) spectrum is measured by UV-2700 UV-Vis 
spectrophotometer. The measurement wavelength range of the UV-2700 can be extended to 
the near-infrared region of 1400 nm. The principle of the UV–Vis spectroscopy is that 
molecules with π-electrons or non-bonding electrons (n-electrons) can absorb the energy 
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(ultraviolet or visible light) to excite these electrons to higher anti-bonding molecular orbitals. 
This method was most often used in a quantitative way to determine concentrations of an 
absorbing species in solution, using the Beer-Lambert law: 01 = A = log0. 𝐼. 𝐼 = 𝜀𝑐𝐿.	T 
and A are the measured absorbance, I0 is the intensity of the incident light at a given 
wavelength, I is the transmitted intensity, L the path length through the sample, and c the 
concentration of sample, ε is a constant known as the molar absorptivity or extinction 
coefficient.[3, 4]  
3.3.2 Florences spectroscopy 
     The fluorescence spectroscopy is measured by Perkin LS 55s fluorencemeter. It is a type 
of electromagnetic spectroscopy that analyzes fluoresces from samples. Normally, In 
fluorescence, the species was first excited, by absorbing a photon, from its ground electronic 
state to one of the various vibrational states in the excited electronic state. Collisions with 
other molecules cause the excited molecule to lose vibrational energy until it reaches the 
lowest vibrational state of the excited electronic state. This process is often visualized with a 
Jablonski diagram. 
       In a typical fluorescence (emission) measurement, the excitation wavelength is fixed and 
the detection wavelength varies, while in fluorescence excitation measurement the detection 
wavelength is fixed and the excitation wavelength is varied across a region of interest. 
An emission map is measured by recording the emission spectra resulting from a range of 
excitation wavelengths and combining them all together. This is a three-dimensional surface 
data set: emission intensity as a function of excitation and emission wavelengths, and is 
typically depicted as a contour map. [5] 
	 62	
3.3.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the elemental composition at the surface of our target 
materials. The information about the parts per thousand range, empirical formula, chemical 
state and electronic state of the elements that exist within a material could gained by this 
methods. XPS spectra are obtained by irradiating a material with a beam of X-rays while 
simultaneously measuring the kinetic energy and number of electrons that escape from the 
surface 0 to 20 nm of the material being analyzed. In addition, the XPS can be used to 
analyze the surface chemistry of a material after some treatment 
Detection limits for most of the elements (on a modern instrument) are in the parts per 
thousand range. The number of peaks produced by a single element varies from 1 to more 
than 20. Tables of binding energies (BEs) that identify the shell and spin-orbit of each peak 
produced by a given element are included with modern XPS instruments, and can be found in 
various handbooks or references. Owing to those result determined BEs are characteristic of 
specific elements, they can be directly used to identify experimentally measured peaks of a 
material with unknown elemental composition. [6, 7] 
3.3.4 Sessile drop technique 
The Sessile drop technique is used as a method to measure the static and dynamic 
contact angle. The liquid droplet profile image on a flat solid substrate is taken by a CCD 
camera.[8,9] The shape of the droplet is then analyzed to obtain the slope of the tangent at the 
contact line. Similarly, contact angle of an air bubble can be measured through a syringe 
arises under the substrate (captive bubble method) (Figure 3.1). We can coat the solid 
substrate by the test sample, and then measure the contact angle of the water on the substrate 
to demonstrate weather the sample is hydrophobic or hydrophilic. 
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Figure 3.1 Schematic diagrams of a sessile drop measurement set-up (left) and the captive 
bubble technique (right). 
 
       For the sessile drop method, in air, 2 µl liquid (water or oil) was perpendicularly dropped 
onto polymer coated Au substrate. The contact angles, measured through the liquid phase, 
were captured and recorded by a progressive scan CCD camera. For captive bubble method, 
the static, advancing and receding contact angles (θS, θA and θR, respectively) of a bubble or a 
drop of toluene were measured on the Au substrates immersed in water or toluene. Au 
substrates were placed on a shelf located in a quartz cell. The cell was filled with water or 
electrolyte solution (0.1 mol/L NaCl or NaOH). A clean stainless steel needle was used to 
produce an air bubble or a drop of toluene of approximately 2 mm in diameter. After the air 
bubble or drop of toluene attached to the Au substrates, the silhouette of the bubble/drop was 
captured. Advancing and receding contact angles, measured through air or toluene phase, 
were determined by setting a tangent to the contact line. Five measurements at different 
locations on each sample were made. All measurements were performed at least three times. 
3.4 Experiments and Date Analysis  
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3.4.1 Analysis the adsorption kinetics and isotherms of rGO-AgarBs, GO AgarBs, and 
AgarBs towards organic compounds in hexadecane/hexane/water.  
The adsorption uptake (q&, mg·g−1) of organic compounds by the pristine and composite 
AgarBs were correlated with the adsorption time (t-, min), described as below: q& = (C-. − C-& )V- W  (3.1) 
where C-.  (mg·L−1) is the initial concentration of the compounds, C-&  (mg·L−1) is the 
compound concentration at a given time (t-), V- (mL) is the volumes of the solutions with the 
compounds (hereV- = 10	mL), and 𝑊 (g) is the GO or rGO mass of GO-AgarBs or rGO-
AgarBs because the adsorption of pristine AgarBs towards organic compounds is negligible; 𝑊 is the agarose mass when the pristine AgarBs are used as absorbents. After compound 
adsorption for t- , the 	C-&  values were determined by means of UV-Vis absorption 
spectroscopy. The values of q&, calculated accor ding to Equation 3.1, were plotted versus t-, 
which were fitted by the pseudo-first-order model (Equation 3.2) and pseudo-second-order 
kinetic models (Equation 3.3), respectively, as described below: ln q) − q& = lnq) ln q) − q& = lnq) − K0t- (3.2) t-	/q&= 1/kJq)					J + t-/q) (3.3) 
where k0 (min-1) is the rate constant of the pseudo-first-order kinetics model and kJ (g·mg-
1·min-1) is the rate constant of the pseudo-second-order kinetics model.  
When the adsorption of the organic compounds by the pristine and composite AgarBs 
reached the equilibrium, the concentration (C-)) of the compounds remaining in the media was 
denoted as the equilibrium concentration, C-)  (mg·L−1), from which the equilibrium 
adsorption uptake (q), mg·g−1) of the adsorbents was calculated as below:  q) = (C-. − C-))V- W (3.4) 
When the C-. values were altered, the C-) was accordingly changed and so was the	q). The 
adsorption isotherms were obtained by plotting the calculated q)  values versus the 
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experimentally measured C-)  values, which were fitted by Langmuir (Equation 3.5) and 
Freundlich models (Equation 3.6), respectively, described as below: q) = q(KLC-)/(1 + KLC-) ) (3.5) q) = KM(C-))0/N  (3.6) 
where q(  (mg·g-1) is the maximum adsorption capacity and KL  (L·mg-1) the Langmuir 
constant rate for based on the Langmuir model, while KM and n are the Freundlich adsorption 
constants and the 1/n is the measure of the adsorption intensity based on the Freundlich 
model. The Langmuir isotherm model assumes of homogeneous monolayer adsorption of 
adsorbates on adsorbents, while the Freundlich model assumes that there is heterogeneous 
adsorption. 
 
3.4.2 Study the desorption performance of rGO-AgarBs and GO-AgarBs.  
        After the equilibrium adsorption was established, the composite AgarBs were collected 
from the dye solutions and incubated in 10 mL of ethanol (ethanol/water mixture solution) for 
2 h under constant shaking. The concentration (C%& , mg·g-1) of the organic compound 
molecules released from the composite AgarBs into ethanol (ethanol/water mixture solution) 
at different desorption times (t%) were determined by means of UV-Vis spectroscopy. The 
desorption efficiency (E%& ) of the composites hydrogel beads at different t% were calculated as 
below: E%& = C%& V% q)𝑊                 (3.7) 
where V% is the volume of ethanol used for organic compounds desorption (here V- = 10	mL). 
In the chapter 4, the Nile red and Oil red O were desorption by ethanol or ethanol/water 
mixture solution (50: 50  v: v). In chapter 6, RB desorption by ethanol. 
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3.4.5 Transfer of Go-loaded agarose hydrogel into water ,  studying the swelling kinetics 
of GO-loaded agarose hydrogel and pristine agarose hydrogel. 
        After exchanged with hexane (adsorb lipid dye in the hexane), the composites agarose 
hydrogel was dry in air over night. Then, the completely dry, pre-weighted were immersed 
into the swelling medium. At various time intervals, the hydrogel was removed from the 
solution and weighted after excessive solution on the surface was blotted. Data presented in 
this experiment was the mean values of triplicate measurements. Results were calculated 
according to the following equation. 
          Q=(Ms-Md)/Md                                                                                (3.9) 
Here, Q is the swelling ratio, Ms is the mass in the swollen state and Md is the mass in the 
dried state.  
3.4.6 The release kinetics of GO-loaded agarose hydrogel and pristine agarose hydrogel. 
            The dry GO-loaded agarose hydrogel beads with Nile red was immersed into 10 ml 
PBS buffer solution with 10% of ethanol to test the release rate (In order to increase to 
solubility of Nile red in water, 10% ethanol was added) at 25 oC. The dry GO-loaded agarose 
hydrogel beads with Methyl red was immersed into PBS buffer solution or water with 
different pH to test the release rate at 25 oC.  The concentration (C%& , mg·g-1) of the organic 
molecules released from the composite agarose hydrogel into at different desorption times (t%) 
were determined by means of UV-Vis spectroscopy. The desorption efficiency (E%& ) of the 
composites hydrogel beads at different t% were calculated as below: E%& = C%& V% q)W                 (3.10) 
where V% is the volume of ethanol used for RB desorption (here V- = 10	mL). 
3.5 Characterization.  
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X-ray photoelectron spectroscopy (XPS) was performance on a Kratos Axis Ultra with a 
Delay Line Detector photoelectron spectrometer using a monochromatic aluminum X-ray 
source running at 225 W with a characteristic energy of 1486.6 eV; the analysis depth was 
approximately 15 nm into the sample surface. UV-vis absorption spectroscopy was carried 
out on UV−vis 2700 spectrophotometer (Shimadzu). The fluorescence spectra of the aqueous 
solutions of RB (1 ng·mL-1) and pyrene (135 ng·mL-1) were recorded on Perkin Elmer LS 55 
photoluminescence spectrophotometer; the slit width was 2.5 nm and the scan times 20. The 
excitation wavelength is 554 nm for RB and 334 nm for pyrene. 
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4.Hydrogel-Assisted	Transfer	of	Graphene	Oxides	into	
Nonpolar	Organic	Media	for	Oil	Decontamination	
  4.1 introduction 
     A trace amount of polar impurities in oil can lead to big issues in many technical 
applications. Take engine fuels, for instance: it is known that the presence of aromatics and 
polar organic sulfur or nitrogen compounds in engine fuels significantly deteriorates the 
combustion performance, which further has adverse environmental and health impacts.[1, 2] 
The presence of toxic impurities such as aflatoxins in eatable oil even at concentration of 
ppm (mg·mL-1) may cause serious food safety issues.[3, 4] Since their unacceptable 
concentration in oil is of the order of ppm in most cases, polar impurities are hardly removed 
by means of conventional oil purification processes such as distillation.[5] Ultrafiltration or 
nanofiltration techniques have been developed for efficient oil decontamination, the 
applicability of which, however, is limited by high cost incurred in membrane manufacture 
and recycling and pressure-driven filtration operation.[6] On the other hand, the separation 
selectivity of membrane filtration may not be favorable for the generic purpose of oil 
decontamination.[7] Herein we demonstrate a simple strategy for efficient oil 
decontamination via adsorption of polar organic contaminants by hydrophilic graphene 
oxides (GO) in nonpolar organic media with the help of hydrogel as amphibious dispersing 
agent. 
Adsorption is a fairly cost-effective method for water purification and widely applied in 
many industrial processes and our daily life.[8] Activated carbon is one of conventionally 
used adsorbents.[9] Recently, GO emerge as excellent adsorbents, since they have 
exceedingly large surface areas arising from to the (quasi-)monolayered feature and a large 
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number of polar groups decorated on the surfaces and the edges in particular.[10-14] Despite 
the success in water purification, however, GO and other currently available adsorbents are 
hardly applied for removal of polar organic impurities in oil. The obvious technical dilemma 
is that a number of polar groups on the surfaces of adsorbents are necessitated for effective 
adsorption of polar impurities, including metal ions and polar organic molecules, but these 
surface polar groups make the adsorbents hardly dispersed in nonpolar organic media.[15-17] 
The dispersability of the hydrophilic adsorbents in oil can be improved by surface 
hydrophobization, but the transformation of the surface polar groups to the nonpolar ones is 
obviously not favorable for effective adsorption. Up to date, it is still an experimental 
challenge to directly transfer hydrophilic particles into oil without sacrifice of their polar 
groups. We recently demonstrated reversible exchange of water in hydrogel with water-
immiscible organic solvents, which enabled reversible phase transfer and encapsulation of 
nanoparticles with the aid of hydrogel. [18] Encouraged by this success, here we generated 
GO-loaded agarose hydrogel(GO-AgarBs) and then transferred the resulting composite 
hydrogel into non-polar organic media such as hexadecane via stepwise solvent exchange. 
Since the GO, loaded in the agarose network, were hardly changed during solvent exchange, 
their polar surfaces remained in direct contact with the nonpolar, organic surrounding and 
thus capable of effectively and efficiently adsorbing polar organic molecules at the 
concentration as low as 0.5 ppm.  
4.2 Results and Discussion 
4.2.1 Transfer composites agarose from water into hexadecane 
        Agarose hydrogel was obtained via cooling the hot (80 oC) aqueous solution of agarose 
below the gelation temperature (36 oC). Hydrogel is a hydrophilic polymer network highly 
swollen by water, so it is conventionally used in aqueous media. In the current work, the 
agarose hydrogel will be used in oil. GO-AgarBs was produced by cooling the hot aqueous 
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dispersions of GO/ agarose mixtures to room temperature; the agarose content was 15 mg·g-1 
and the GO content 0.2 mg·g-1. The GO loading was evidenced by the black color of the 
resulting composite hydrogel, but the GO were hardly visualized due to their ultrathin feature 
(Figure 4.1).  
 
Figure 4.1. Left panel: Photo of GO-loaded agarose hydrogel beads, obtained by dropwise 
adding the hot (80 °C) aqueous solution of GO/agarose mixtures into liquid nitrogen. The 
agarose content is 15 mg·g-1 and the GO content 0.2 mg·g-1   in the composite hydrogel. Right 
panel: SEM image of the cross-sections of the resulting GO-loaded agarose hydrogel beads. 
To visualize the cross-section, the composite hydrogel beads have been freeze-dried and then 
cut in to thin slices for SEM imaging 
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Figure 4.2. a) Transfer of GO-AgarBs from water to hexadecane via stepwise solvent 
exchange using ethanol as intermediate and adsorption of lipophilic dye by the composite 
hydrogel beads in hexadecane. b, c) Photographs of the agarose hydrogel blocks loaded 
without (b) and with GOs (c) taken after they are placed in the NR solutions in hexadecane 
(left panels), incubated for 2h (middle panels), and transferred back to pure hexadecane (right 
panels).  
 
As depicted in Figure 4.2 a, the resulting agarose hydrogel is incubated firstly in ethanol, 
which enables ethanol substitution for water in the hydrogel network thanks to the miscibility 
of ethanol with water. By taking the advantage of ethanol being miscible with many organic 
solvents, the similar incubation treatment enables replacement of the ethanol, soaked in the 
agarose hydrogel, by hexadecane or other nonpolar organic solvents. After solvent exchange, 
the agarose hydrogel is incubated in the hexadecane solution of Nile Red (NR) (Figure 4.2 b). 
NR was chosen as model polar organic impurity (Scheme 4.3), since it is hardly soluble in 
water but highly in many polar and nonpolar organic solvents with the adsorption and 
fluorescence color strongly sensitive to the solvent polarity. [19] Figure 4.2 c shows that upon 
incubation in the hexadecane solution of NR, the edge of the agarose hydrogel block is 
noticeably pink.  
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Scheme 4.3 Schematics depiction of the molecular structures of NR (upper panels) and ORO 
(lower panels). The length of NR is 10.45Å and its width is 5.76 Å. The length of ORO is 
15.6 Å and its width is 5.0 Å. 
 
Scheme 4.4. Schematic depiction of the molecular feature of GOs proposed according to 
literatures 
	 74	
 
Figure 4.5. Photos of the solutions of NR in hexadecane (a) and ethanol (b) 
 
The hydrogel bulk displays a yellow color, which is almost identical to that of the 
hexadecane solution of NR (Figure 4.5 a). This is indicative of that the hydrogel bulk is 
uniformly soaked by hexadecane and NR molecules can freely diffuse through the hydrogel 
bulk. After 2 h incubation, the whole hydrogel block becomes uniformly pink, which is close 
to the color of the ethanol solution of NR (Figure 4.5b). This suggests effective adsorption of 
NR molecules into the agarose network, as the agarose network provides NR the environment 
more polar than hexadecane. However, the maximal adsorption uptake of pristine agarose 
hydrogel is fairly low, 0.27 mg·g-1 (Figure 4.7 a).  
4.2.2 The contact angle of water on hydrogel (exchanged by hexadecane) 
(a) (b) 
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Figure 4.6. Photo of a water droplet placed on the surface of an agarose hydrogel block, 
immersed in hexadecane. The volume of the water droplets is 2 uL. On the basis of the shape 
profiles of the water droplet, the water contact angle of agarose hydrogel surface in 
hexadecane (θPQ) is 33o 
        
The low adsorption capacity can be rationalized by the fact that when agarose hydrogel is 
transferred into hexadecane, the surface hydroxyl groups of the hydrogel network orient 
themselves inwards to avoid contacting with hexadecane (Figure 4.6), thus largely reducing 
the number of the hydroxyl groups available for adsorption of NR molecules. According to 
Young’s equation, the water contact angle of a solid surface in air (θPR), its water contact 
angle in oil (θPQ), and its oil contact angle in air (θQR) can be correlated with each other via 
with the help of the following three equations: 
cosSA SW WA WAg g g q- =         4.1 
cosSA SO OA OAg g g q- =     4.2 
cosSO SW WO WOg g g q- =            4.3 
in which SAg , SWg , SOg , WAg , OAg and WOg  are the surface tension between solid and air, solid 
and water, solid and oil, water and air, oil and air, and water and oil, respectively. As a result, 
the combination of Equations 4.1, 4.2, 4.3 lead to: 
cos ( cos cos ) /WO WA WA OA OA WOq g q g q g= -    4.4 
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Agarose hydrogel surfaces can be completely wetted by both water and hexadecane in air, so 
both WAq and OAq are close to 0
o. Equation 4.4 can be accordingly simplified as below: 
cosθWO= (γWA −γOA) / γWO =1     4.5 
The water contact angle on the agarose hydrogel surfaces in hexadecane (θPQ) is 0o 
identical to θPR. Note that WAg  is 72.8 mN/m and OAg is 27.2 mN/m for hexadecane. This 
calculated θPQvalue is much smaller than the experimentally measured value (33o) as shown 
in Figure 4.6. It implies that when the agarose hydrogel surfaces are brought in contact with 
hexadecane, a certain number of surface polar groups, dominantly, hydroxyl groups orient 
themselves inwards to avoid the non-polar organic media. 
4.2.3 Adsorption performance test and analysis 
        Despite its low adsorption capacity, the success of the pristine agarose hydrogel in 
adsorption of NR in hexadecane encouraged us to load effective adsorbents, GO, into the 
agarose hydrogel to enhance the adsorption efficiency. GO were chosen because their 
honeycomb lattice structures is very rigid and their polar groups are directly bound on the 
surfaces and edges, which prevent the orientation of the polar group upon contact with oil. If 
the structures of adsorbents are flexible or the polar groups are bound on adsorbents via 
relatively long spacers, the orientation of these polar groups would be unavoidable in oil.  
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Figure 4.7. a) Summary of the equilibrium adsorption uptake of NR (orange columns) and 
ORO (red columns) by agarose hydrogel beads, GOs, and GO-AgarBs. Left inset shows that 
the composite beads are placed in the NR solution in hexadecane (left panel) and incubated 
for 4 h (right panel). Right inset shows that the composite beads become uniformly 
fluorescent after the NR adsorption. (b) Plots of the adsorption uptake of NR by GO-AgarBs 
versus adsorption time. The adsorption kinetics profiles (solid squares) are fitted by pseudo-
first-order (dashed curves) and pseudo-second-order models (solid curves), respectively. (c) 
Adsorption isotherms of NR (open squares) by GO-AgarBs. The experimentally measured 
isotherms are fitted by Langmuir (dashed curves) and Freundlich models (solid curves), 
respectively. (d) Plots of the NR desorption efficiency (Ed%) versus desorption time (td). To 
release the adsorbed NR molecules, the composite hydrogel beads are consecutively 
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incubated in fresh ethanol. The black arrows in Figures indicate the time when the composite 
hydrogel beads are bought into fresh ethanol. 
 
      Following the solvent exchange procedure depicted in Figure 4.2 a, the GO-loaded 
agarose hydrogel can be transferred into hexadecane. After 2 h incubation with the NR 
solution in hexadecane, the color of the composite hydrogel is changed from black to purple 
(Figure 4.2 c), indicative of the NR uptake. To facilitate the adsorption of GO-loaded agarose 
hydrogel toward NR, the composite hydrogel beads with sizes of 2–4 mm were produced by 
dropwise adding the hot aqueous dispersions of GO/ agarose mixtures into liquid 
nitrogen(Figure 4.1 a). When the resulting composite hydrogel beads are incubated in the 
hexadecane solution of NR at the concentration of 10 mg·L-1 for 4 h, the NR solution 
becomes colorless while the composite hydrogel beads become uniformly fluorescent (insets 
in Figure 4.7 a), underlining efficient removal of NR molecules from hexadecane. Figure 4.7 
a shows that the NR adsorption uptake by GO- loaded agarose hydrogel beads is 175.7 mg·g-1, 
which is 650 times larger than that of pristine agarose hydrogel beads (0.27 mg·g-1). In 
comparison, when hydrophilic GO powder is directly dispersed into the NR solution in 
hexadecane, their adsorption uptake is just 2.4 mg·g-1, which is 73 times smaller than that of 
GO-AgarBs. The poor dispersability of hydrophilic GO powder in hexadecane accounts for 
the low adsorption efficiency. Note that according to the NR adsorption uptake of GO-
AgarBs (175.7 mg·g-1) and the GO concentration in the hydrogel (0.2 mg·g-1), the NR 
concentration in the whole hydrogel is estimated as 35 mg·mL-1, which is much larger than 
the NR solubility in water (< 1 mg·mL-1).[19] Thus, one can rule out the contribution of the 
NR solubility in the residual amount of water, residing in the agarose network, to the 
adsorption uptake of the composite hydrogel beads. As-prepared GO-loaded agarose 
hydrogel beads were also utilized for adsorption of another lipophilic dye, Oil Red O(ORO) 
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(Scheme 4.3). The adsorption uptake of GO-AgarBs is 77.6 mg·g-1, which is larger than that 
of pristine agarose hydrogel beads (0.22 mg·g-1) by 350 times and that of GOs (2.2 mg·g-1) 
by 35 times (Figure 4.7 a). 
Figure 4.7b and Figure 4.8a show the adsorption kinetics of GO-AgarBs towards NR and 
ORO, respectively, in hexadecane. The pseudo-second-order model fits the adsorption 
kinetics better than the pseudo-first-order model, as confirmed by the coefficient of 
determination (r2) listed in Table 4.1. This suggests that chemisorption is the rate- 
determining step for the dye adsorption by GOs in hexadecane. [20]  
 
Figure 4.8. (a) Plots of the adsorption uptake of ORO by GO, loaded in agarose hydrogel 
beads, versus adsorption time. The experimentally measured adsorption kinetics profiles 
(solid squares) are fitted by pseudo-first-order (dashed curves) and pseudo-second-order 
models (solid curves), respectively. Insets show the photos of complete adsorption of the 
dyes from hexadecane by the composite hydrogel beads; the adsorption time is 4 h. (b) 
Adsorption isotherms of ORO (open squares) by GO-AgarBs. The experimentally measured 
isotherms are fitted by Langmuir (dashed curves) and Freundlich models (solid curves), 
respectively. 
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Table 4.1. Summary of the experimental results of the Adsorption kinetics of NR and ORO 
by GO-AgarBs and the fitting results obtained based on Pseudo-first-order and Pseudo-
second-order kinetics models 
 
The hydrogen bonding between the nonionic polar groups of lipophilic dyes and GOs, as 
depicted in Schemes 4.3 and 4.4, should be the driving force for adsorption of the dyes by the 
GOs loaded in agarose network (see Figure 4.4). Figure 4.7 c and Figure 4.8 show the 
adsorption isotherm of GO-loaded agarose hydrogel beads towards NR and ORO, 
respectively, in hexadecane. Table 4.2 suggests that Langmuir model fits the adsorption 
isotherms better than Freundlich model; the poor fitting based on Freundlich model is 
indicated by the 1/n value of < 1. [21] The fitting results confirm homogeneous monolayer 
adsorption of lipophilic dyes by the GOs, loaded in the agarose network. In terms of 
adsorption kinetics and isotherm, therefore, the adsorption in oil proceeds in a way fairly 
   Pseudo first order  Pseudo second order 
Dyes 
C-. 
(mg·L-1) 
qe,exp 
(mg·g-1) 
qe,cal 
(mg·g-1) 
k1 
(min-1) 
r2  
qe,cal 
(mg·g-1) 
K2 
(g·mg-1 
min-1) 
r2 
NR 
1 32.38 27.81 0.0273 0.941  36.38 0.694*10-3 0.941 
2 54.56 54.86 0.0529 0.957  76.37 0.307*10-3 0.988 
5 122.84 121.02 0.0780 0.964  148.84 0.265*10-3 0.988 
10 175.71 174.10 0.0366 0.955  214.55 0.181*10-3 0.991 
ORO 
1 23.45 35.11 0.0183 0.843  59.25 0.181*10-3 0.883 
2 33.51 32.69 0.0529 0.939  40.94 1.340*10-3 0.952 
5 52.92 49.53 0.0680 0.956  58.34 1.380*10-3 0.984 
10 77.66 71.7 0.0404 0.954  85.05 0.561*10-3 0.968 
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similar to that in water. Table 4.1 indicates that the maximum adsorption capacity (qm) of 
GO-AgarBs towards NR and ORO is calculated to 355.9 mg·g-1 and 179.1 mg·g-1, 
respectively.  
 
 
 
Figure 4.9. UV-vis spectra of the hexadecane solution of NR before (dotted curves) and after 
(solid curves) absorption by GO-AgarBs at the NR concentration of 0.5 ppm (a) and 0.3 ppm 
(b).  
 
      Here we found that the GO-AgarBs could effectively adsorb NR in hexadecane at the NR 
concentration as low as 0.5 mg·mL-1 (Figure 4.9), while NR adsorption was hardly observed 
at the concentration of 0.3 mg·mL-1. The minimal concentration (0.5 mg·mL-1) of NR in 
hexadecane for effective adsorption is 100 times smaller than the NR solubility in alkane 
solvents (e.g. 68 mg·mL-1 in heptane [19]), thus underlining strong interaction (hydrogen 
bonding) of the polar groups of the GO, loaded in agarose network, with the polar groups of 
the NR molecules in oil. The strong interaction is also confirmed by the difficulty in dye 
desorption from the GO-loaded agarose hydrogel beads (Figures 4.7d and 4.10).  
a) b) 
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Figure 4.10. Plots of the efficiency (Ed %) of desorption of ORO from GO-loaded agarose 
hydrogel beads versus desorption time (td). Prior to desorption testing, the composite 
hydrogel beads are incubated in the hexadecane solutions of the dyes at the concentration of 
10 ppm. After the maximum adsorption uptake is achieved, the composite beads are brought 
into pure ethanol to facilitate release of the adsorbed dyes from the composite hydrogel 
network. After incubation of the composite hydrogel bead in pure ethanol for 3 h, the 
desorption of the adsorbed dyes reaches to the plateau stage, only ca. 25% of the dyes are 
released out. The dye desorption can be re-initiated only after incubation of the composite 
hydrogel in pure ethanol. The desorption efficiency can reach to 90% after repeating the 
incubation in pure ethanol for 4 times, respectively. The dotted lines in Figures indicate the 
time when the composite hydrogel beads are bought into fresh ethanol for dye desorption.		
 
To release the adsorbed lipophilic dyes, we incubated GO-loaded agarose hydrogel beads 
in ethanol. Ethanol was chosen because it is an excellent solvent for the lipophilic dyes used, 
NR and ORO, and it can form hydrogen bonds with the GO and the agarose networks in the 
composite hydrogel beads, which are favorable for release of the dyes from the composite 
hydrogel beads. Figure 4.6 d shows that after NR adsorption, the incubation of the composite 
hydrogel beads in ethanol can cause the quick release of the adsorbed NR molecules and the 
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desorption efficiency reaches 30 % within 25 min, while the equilibrium desorption is 
established after 2 h incubation with the desorption efficiency of ca. 40 %; further prolonging 
the incubation time cannot improve the dye desorption. The burst release fashion suggests 
that the NR desorption from GO-AgarBs is driven by the dissolution of the adsorbed NR 
molecules in ethanol. Since the solubility of NRs in ethanol is of the order of 1 mg·mL-1, the 
poor desorption efficiency underlines the strong interaction between the polar groups of the 
NR molecules and GO to suppress the NR disolution. The release of the adsorbed NR 
molecules can be resumed only by incubation of the composite hydrogel beads in fresh 
ethanol; the desorption efficiency reaches ca. 96 % after 3 times repetition of incubation of 
the composite hydrogel beads in fresh ethanol. Note that the regenerated GO-loaded agarose 
hydrogel beads can be reused for dye adsorption. Figure 4.7 d also reveals that desorption 
efficiency of the adsorbed NR molecules can reach ca. 50 % when the GO-loaded agarose 
hydrogel beads are incubated in water/ethanol mixtures for 2 h. The strong hydration of the 
GOs, loaded in the agarose beads, in water/ethanol mixtures should account for the improved 
desorption efficiency. As highlighted in the inset in Figure 4.7d, however, the NR desorption 
efficiency during the first 25 min incubation of the composite hydrogel beads in 
water/ethanol mixtures is noticeably smaller than that in pure ethanol. This agrees with the 
fact that the solubility of NR in pure ethanol is larger than in water/ethanol mixtures, thus 
highlighting the NR desorption is a dissolution-driven process. Here we found that although 
the solubility of ORO in ethanol is comparable to or better than that of NR, ca. 90 % of the 
adsorbed ORO molecules were released only after 4 times repetition of incubation of GO-
loaded agarose hydrogel beads in fresh ethanol (Figure 4.10). This suggests that the 
interaction between the polar groups of the ORO and the GOs is stronger than that between 
the polar groups of the NR and the GOs (see below) 
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Table 4.2. Summary of the fitting results of the adsorption isotherms of NR and ORO by 
GO-loaded agarose hydrogel beads based on Langmuir and Freundlich Models 
 Langmuir model  Freundlich model 
Dye 
qm 
(mg·g-1) 
kL 
(L·mg-1) 
r2  
KF (mg·g1-
1/n·g-1·L1/n) 
1/n (g·L-1) r2 
NR 355.9 0.142 0.988  62.4 0.49 0.977 
ORO 179.1 0.090 0.901  25.1 0.50 0.914 
           
4.2.4 Establish the adsorption model  
      For better understanding of the adsorption performance of GO-loaded agarose 
hydrogel towards lipophilic dyes in oil, the molecular nature of the used GO were 
quantitatively assessed by X-ray photoelectron spectroscopy (XPS). After de-convolution of 
the carbon 1s signal of the GO, Figure 4.11a reveals three strong peaks assigned to C=C at 
284.8 eV, C-C at 284.3 eV and C=O at 286.8 eV, a noticeable peak assigned of O-C=O at 
288.3 eV and a very week peak assigned C-OH at 286.0 eV. Accordingly, one can estimate 
28.7 % of the GO carbon atoms in the form of carbonyl group (C=O), 16.2 % in the form of 
the carboxyl group (COOH), 3.0 % in the form of the hydroxyl group (OH). Since the polar 
groups of NR and ORO are mainly of proton acceptor type (Scheme 4.4), they can 
effectively form hydrogen bonds only with the proton donor groups of GO. For the sake of 
simplification, here only the hydrogen bonding of the GO COOH groups with the dye polar 
groups are considered as the COOH groups are the dominant proton donor groups of the GO 
according to the XPS data (Figure 4.11 a) and they are known to reside preferentially at the 
edges of  GO  (Scheme 4.4)[22, 23]  which  benefits the adsorption of dye molecules even 
taking into consideration the unavoidable fact that the used GO probably are the particles 
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comprising several GO monolayers stacked. Hence the utilization efficiency (ζT )of the 
COOH groups of GO for dye adsorption can be estimated by ζT = n%U) nVQQW. The molar 
amount of the  COOH  groups  (nCOOH)  is  estimated  to  be 11.48 mmol for 1 g of GO 
according to the molar fraction (16.2 %) calculated from the XPS data (Figure 4.11 a).[24] 
The molar amount of dyes (ndye), adsorbed by 1 g of GOs, loaded in  agarose  network,  is  
estimated  to  be  1.12 mmol  and 0.44 mmol for NR and ORO,  respectively, according to 
the qm values listed in Table 4.2. Thus, ζT is 9.8 % for NR adsorption and 3.8 % for ORO 
adsorption, respectively. 
 
 
Figure 4.11. (a) High-resolution XPS spectrum of the GO used in the present work, in which 
the C 1s signal is deconvoluted into the peaks of C=C, C-C, C=O, COOH, and C-OH groups, 
indicated by black arrows. (b) Schematic illustration of adsorption of NR and ORO on the 
GO sheet via hydrogen bonding between their polar groups, highlighted by dashed lines. 
 
Both NR and ORO are bulky molecules as compared with the C=C bonds of GO (1.42 Å). 
On the basis of the molecular nature (Schemes 4.3), one NR molecule adsorbs onto (the edge 
of one GO sheet via hydrogen bonding of its quinone or tertiary amine group mainly with one 
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COOH group on the GO edge (Figure 4.11 b). In this configuration, the length occupied per 
NR molecule on the GO edge is 5.76 Å. According to the NR molecular structure (Scheme 
4.3), which is equivalent to 4 C=C lengths. As such, when one NR molecule is adsorbed onto 
the COOH group of one GO sheet, it blocks 3 nearest neighbors of the COOH group, so the 
maximal utilization efficiency ζT( of the GO polar groups for NR adsorption is ca. 25.0 % 
(1/4). In the case of ORO adsorption, it occurs via hydrogen bonding of ORO OH groups 
with the COOH groups of GOs (Figure 4.11 b).  As a result, the length occupied per ORO 
molecule on the GO edge is 15.6 Å according to the ORO molecule structure (Scheme 4.3), 
which is equivalent to 11 C=C lengths. Hence the ζT(  of the GO polar groups for ORO 
adsorption is ca. 9.1 % (1/11). The difference in ζT( is reflected by the fact that the adsorption 
uptake of ORO by GO-AgarBs is smaller than that of NR, listed in Table 4.2. Within GO-
AgarBs, on the other hand, some of the COOH groups of the GO may form hydrogen bonds 
with the OH groups of the agarose network. Further, the agglomeration of the GO loaded in 
the agarose network is unavoidable via hydrogen binding between the polar groups of 
neighboring GO sheets especially during solvent exchange from water to oil; hydrogen 
bonding is expected stronger in oil than in water. Hence only a fraction (f-) of the COOH 
groups of the GO, loaded in agarose network, are responsible for adsorption of lipophilic 
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dyes in oil. The effective value of the maximal utilization efficiency of the GO COOH groups 
for dye adsorption is 	𝑓Z𝜁\]. Taken together, the adsorption efficiency 𝜉Z of the GO COOH 
groups towards lipophilic dyes can be estimated by 𝜉Z = 𝜁\ 𝑓Z𝜁\]. By assumin𝑓Z = 0.5 for 
the sake of simplification, 𝜉Z is 78.0 % for NR adsorption and 84.2 % for ORO adsorption. 
 
Figure 4.12. Plots of the adsorption uptake of NR (a) and ORO (b) by GO-AgarBs. The 
initial concentration of the organic dyes is 5 ppm. The experimentally measured 
adsorption kinetics profiles (solid squares) are fitted by the pseudo-first-order (dashed 
curves) and pseudo-second-order models (solid curves), respectively. 
 
The values of 𝜉Z may be underestimated, since unavoidable agarose wrapping of the GOs 
and agglomeration of the GOs in the composite hydrogel may be severe and make 𝑓Z  for the 
sake of simplification, 𝜉Z  smaller than 50 %. However, our rationalization indicates the 
reasonably high values of 𝜉Z , thus underlining high effective utilization of the free polar 
groups of GOs for adsorption of lipophilic dyes in oil. Further, our rationalization also 
suggests that the hydrogen bonding between ORO and GO is stronger than that between NR 
and GO. This is supported by the fact that the OH groups of ORO act as both proton 
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acceptors and donors while the quinone or tertiary amine groups of NR act only as proton 
acceptors. This is also supported by the fact that ORO is more difficult to desorb from GO-
loaded agarose hydrogel than NR (Figure 4.7 d). Here the effect of 𝑓Z was observed as the 
GO concentration effect of GO-AgarBs on the adsorption uptake of lipophilic dyes (Figure 
4.12). The adsorption uptake of the dyes decreased when the GO concentration decreased 
from 0.2 mg·mL-1 to 0.1 mg·mL-1. The increase of the GO loading to 0.5 mg·mL-1 caused 
considerable reduction in the adsorption uptake of the dyes, which could be due to 
agglomeration of the GOs in the agarose network at high concentration, thus resulting in 
reduction in 𝑓Z. 
4.3 Conclusion 
In conclusion, we successfully demonstrate that GO-AgarBs can effectively and 
efficiently adsorb lipophilic dyes in oil after being transferred from water into oil via stepwise 
solvent exchange. The successful adsorption of dyes in oil relies on the fact that the polar 
groups of the GO, loaded in the agarose network, remain in direct contact with oil and 
capable of interacting with lipophilic dyes via hydrogen bonding. GO-loaded agarose 
hydrogel beads show maximum adsorption capacity of 355.9 mg·g-1 and 179.1 mg·g-1, 
respectively, towards of NR and ORO, which is substantially higher than that of pristine 
hydrogel or hydrophilic GO powder. The minimal dye concentration is 0.5 ppm for effective 
adsorption. Thanks to its manufacture and operation ease, the present adsorption-based 
strategy can be readily extended to a diversity of hydrogels and inorganic or organic 
nanostructured adsorbents with better adsorption efficiency and especially selectivity, thus 
holding immense promise in technical applications for large-scale oil decontamination such 
as desulfurization of engine fuel. 
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5．GO-loaded agarose hydrogel assited lipophilic drug delivery 
5.1 introduction 
The design of drug delivery system is usually based on the drug’s physicochemical and 
pharmacokinetic properties. According the reports from WHO, about forty percent of drugs 
with market approval and nearly ninety percent of molecules in the discovery pipeline are 
poorly water, which makes them hardly formulated into successful drug products [1]. 
Especially for anti-cancer drugs, most of them have low solubility in water [2]. To meet the 
drug concentration in time, which can take effect; we have no choice but take lots of drugs. 
Those drugs, which not adsorbed by human body and excreted from body bypass the liver, 
may cause some bad side effect. The advanced drug delivery technology is helping us take 
less drug, which resulted into less side effect [3-6]. Now, there are many different methods to 
formulate those lipophilic drugs, such as polymer micelles, inclusion complexation, capsule, 
liposomes, proliposomes, micro-emulsions, self-emulsifying and so on [7-12]. However, 
there are still some shortages need to overcome. Those organic solvents in liposomes or 
surfactant in emulsions may cause some bad effects. In addition, the drug will still 
aggregations after released, when those micelles or emulsions broken, owing to their low 
solubility. A new method without organic solvent and surfactant is urgently needed to helping 
delivery those insoluble drugs. Herein we demonstrated GO-loaded agarose hydrogel using 
for lipophilic drug delivery, which could suppress the concentration of drug under saturation 
concentration after released. It could also help organic molecules through hydrogel/oleogel 
interface. 
Hydrogel has been used as drug carriers for a long time, owing to its special properties, 
such as high water content, soft and rubbery consistency [13,14]. Most of the hydrogel 
exhibits minimal tendency to adsorb proteins from body fluids because of their low 
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interfacial tension [15]. And, the ability of molecules with different sizes to diffused into 
(drug loading) and out of (drug release) hydrogels allows the possible use of dry or swollen 
polymeric networks as drug delivery systems for oral, rectal, ocular of administrations. [16] 
Up to date, there are lots of works about using smart hydrogel for lipophilic drug delivery, 
owing to those hydrogel could response to their around environment, such as temperature, pH, 
special molecules and so on[17]. When the surrounding environment changed, the network of 
those hydrogel will be changed, which resulted into drug released into the media. However, 
only those drugs, which has high solubility in water, could be used in this hydrogel system, 
owing to those hydrogels could not loading enough lipophilic drug and need a long time to 
reach the effect limits. Most of those water-insoluble drugs have high solubility in those 
organic solvent. However, some hydrogel, such as polyacrylamide, obvious shrink in organic 
solvent. All of those results the little drug loading in organic solvent. 
Here, a novel GO-loaded agarose hydrogel were firstly used as lipophilic drug delivery. 
Thanks for the added GO, which could enhance the swelling ability of the composite agarose, 
but also control the lipophilic drug release.   
5.2 Results and discussion 
5.2.1 Swelling properties of agarose hydrogel and GO-loaded agarose 
hydrogel. 
It is well known that hydrogels are cross-linked polymeric network, which can be 
swelled in water. The swelling properties is very important to the hydrogel as drug carrier, 
owing there should be enough water in the hydrogel for drug dissolved. The pristine agarose 
hydrogel, whose agarose content is 1.5%, can dried in air and swelled in PBS solution within 
half hour (Figure 5.1 a.). Its swelling ratio is 11. As showed in the Figure 5.1 b, the swelled 
agarose hydrogel has the longest length, compared to other two samples. After transferred it 
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from water into hexane via stepwise solvent exchange using ethanol as intermediate, the 
swelling properties of agarose hydrogel obviously decreased. That treated with solvent 
exchanged agarose hydrogels need more than 1 hour to completely swell, after dried in air. 
And, its swelling ratio is only 6, which only about half of the agarose hydrogel without 
solvent exchange treatment (Figure 5.1 c). After solvent exchanged and dried in air, the 
hydrogel was not transformed. Owing to there was some structural changed during the 
solvent exchanged process, which will result into hydrophobic domains. Those hydrophobic 
domains will decrease its swelling properties. And, the dissolving rate will also affect by this. 
The length of swelled agarose hydrogel, which has treated with solvent exchange showed in 
Figure 5.1 c, was the shortest. To increase the swelling properties, hydrophilic graphene 
oxide was added. Only 0.01% GO were added, the swelling properties of composites agarose 
hydrogel composites hydrogel enhanced, whose swelling ration could be increased into 9. 
This successful encouraged us to using those composites agarose hydrogel beads for loading 
lipophilic dyes. Herein, the GO-loaded agarose hydrogel was used for lipophilic drug 
delivery. In this system, Go could adsorb lipophilic drug in the organic solvent and helping 
the composites drug swelling in water. The agarose hydrogels formed the network, which 
avoid the GO aggregation in the organic solvent and swelling in the water. Both the agarose 
and GO formed this special lipophilic drug delivery system. 
The significant improvement of the swelling capacities of the nanocomposites containing 
extremely low GO content might be mainly due to the fact that the GO sheets containing 
plenty of functional groups, such as -COOH, -C=O, -OH and groups on the surface, could 
dramatically increase the density of the hydrophilic groups of the polymer networks. Besides, 
the GO sheets dispersed homogeneously in the matrix might influence the microstructure of 
the polymer networks because of the exceptional nanostructure character of GO, which also 
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could influence the swelling capacities. Furthermore, there might be some synergetic 
intermolecular interactions between GO sheets and the polymer networks for holding water 
or other aqueous fluids, leading to the enhancement of the swelling capacities. However, as 
the amount of the GO sheets further increased to 0.020 and 0.030 wt%, the swelling 
capacities of the nanocomposites decreased obviously. This might be owing to the fact that 
the excessive GO sheets tended to aggregate and weakened the synergetic interactions 
between GO sheets and the polymer networks. 
 
• Figure 5.1a）the plot of swelling properties of agarose hydrogel without solvent exchange 
(solid square) with solvent exchange with hexane (open square) and  GO-loaded agarose 
hydrogel after solvent exchanged with hexane(0.01% open circles, 0.02% open triangles, 0.03% 
pentacle). the images of agarose hydrogel without(b) and with(c) solvent exchange, GO-
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loaded agarose hydrogel(d) in water (upper), dried in air (middle) and swelled in PBS 
solution(down)  
 
5.2.2 Adsorption Lipophilic dye in Organic Solvent.  
Our group reported successfully using GO-loaded agarose hydrogel beads(GO-AgarBs) 
to adsorbed organic compounds in organic solvents [23]. GO-AgarBs was produced by 
dropwise adding the hot aqueous dispersions of GO and agarose mixtures into the liquid 
nitrogen, The GO contents were varied from 0.01%, 0.02% and 0.03% and agarose contents 
was 1.5%. The GO-AgarBs were transferred from water into organic solvent with the help of 
ethanol. Then, those GO-AgarBs could be used to adsorb organic compounds in organic 
solvent, which helping loading enough drugs into those composites hydrogel. In our study, 
lipophilic dye Nile Red(NR) and Methyl Red(MR) stand for lipophilic drugs, which used in 
this experiments (Chemical Structural Showed in Figure 5.2).  
     
 
 
Figure 5.2 The chemical structure of Nile Red and Methyl Red 
 
Methyl red 
Formula: C15H15N3O2 
Log D 3.9 
 
Nile Red 
Formula: C20H18N2O2 
Log D 5.06 
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1 g GO in the GO-AgarBs could load 9.137 mg for MR and 5.628 mg for NR, 
separately, when the Go concertation is 0.02% and the initial concentration is 20 ppm for MR, 
30 ppm for NR (Table 5.1, 5.2). After fitting the adsorption date with Langmuir model, the 
maximum adsorption capacity of those GO-AgarBs was 5.528 mg·g-1, 12.347 mg·g-1 and 
32.960 mg·g-1 towards NR, when the GO concentration is 0.01%, 0.02%, and 0.03%, 
separately (4.474 mg·g-1, 8.99 mg·g-1, 27.804 mg·g-1 for MR, Table 5.3, 5.4). The results 
proved that the organic molecules loading weight could be controlled by the concentration of 
GO in the hybrid hydrogel beads.  
 
Table 5.1 The equilibrium adsorption uptake (q)  ug) of 1 g GO-AgarBs towards MR in 
hexane with different initial concentration (ug·ml-1) 
GO 
Concentration  mg·L-1 
4 8 10 12 16 20 
0.1  1.737 3.070 3.252 3.646 4.162 4.257 
0.2  2.065 4.293 5.028 6.200 7.589 9.137 
0.3  2.301 4.733 6.176 7.156 9.804 11.928 
 
Table 5.2 The equilibrium adsorption uptake (q` ug) of GO-AgarBs towards NR in hexane 
with different initial concentration (ug·ml-1) 
GO 
Concentration mg·L-1 
6 12 15 18 24 30 
0.1  1.526 2.509 2.582 2.963 3.422 3.865 
0.2  1.684 2.634 3.690 4.096 4.656 5.628 
0.3  3.617 5.336 6.071 7.206 9.983 11.55 
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Table 5.3. Summary of the fitting results of the adsorption isotherms of GO-AgarBs towards 
MR based on Langmuir and Freundlich models in hexane. 
GO Langmuir model 
 
Freundlich model 
Concentration 
mg·L-1 
qm(mg·g-1) KL(L·mg-1) r2 
 
KF(mg·g1-
1/n·g-1·L1/n) 
1/n 
(g·L-1) 
r2 
0.1  4.474 0.961 0.970 
 
2.303 0.255 0.950 
0.2 8.99 1.871 0.817 
 
5.125 0.349 0.896 
0.3  27.804 0.415 0.835 
 
7.806 0.716 0.823 
 
Table 5.4. Summary of the fitting results of the adsorption isotherms of GO-AgarBs 
towards NR based on Langmuir and Freundlich models in hexane. 
GO Langmuir model 
 
Freundlich model 
concentration qm(mg·g-1) KL(L·mg-1) r2 
 
KF(mg·g1-
1/n·g-1·L1/n) 
1/n 
(g·L-1) 
r2 
0.1 mg·L-1 5.528 0.083 0.970 
 
0.771 0.500 0.977 
0.2 mg·L-1 12.347 0.037 0.943 
 
0.680 0.682 0.950 
0.3 mg·L-1 32.960 0.042 0.784 
 
2.223 0.631 0.857 
 
 
The figure 5. 3 was the scheme of the drug loading and releasing process. The GO-
AgarBs were transferred from water into hexane via stepwise solvent exchange using ethanol 
as intermediate. After those composites agarose hydrogel was immersed into hexane with 
organic compounds, the color of NR in hexane was changed from yellow to colorless, while 
the agarose beads become pink, which showed in Figure 5. 3 b and c. It proved that the 
organic compounds NR were adsorbed by the GO-loaded agarose hydrogel. The adsorption 
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isotherm of GO-AgarBs towards NR and MR were showed in Figure 5.4. Then, those GO-
loaded agarose hydrogel with NR were washed with fresh hexane quickly, to removing the 
adsorbed NR on the surface of those beads, and dried in fumed hood overnight. Those dried 
GO-AgarBs were showed on the right corner of figure 5.3 c. And, then they were immersed 
into 10 ml PBS solution. The swelled GO-AgarBs afloat in water, which might be a result of 
growth or adsorption of air bubbles in the composites agarose, generally expected for 
hydrophobic surfaces in water. Owing to the present of water can quench the fluoresces light 
of NR, 1 ml ethanol (10% v: v) was added. Then, we could find fluoresces in the PBS/ethanol 
mixture solution under UV light (365 nm), which means the NR has already successfully 
released in the PBS solution.  
 
Figure 5.3 a) Transfer of GO-AgarBs from water to hexane via stepwise solvent exchange 
using ethanol as intermediate, adsorption of lipophilic dye by the GO-AgarBs in hexane, and 
released in PBS solution. b, c) Photographs of the GO-AgarBs adsorb NR in hexane before (b) 
and overnight(c). The images of GO-AgarBs with NR were showed on the right corner. the 
images of GO-AgarBs in PBS solution/ethanol (9:1 V: V) under sunlight(d) and UV light (f, 
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365 nm) The NR concentration in hexadecane is 10 mg·L-1. The agarose content is 15 mg·g-1 
and the GO content 0.2 mg·g-1 in the hydrogel beads. 
 
 
Figure 5.4 Adsorption isotherms of GO-AgarBs (open) towards NR (a) and MR (b) in hexane, 
fitted by Langmuir (solid curves) models. ( 0.1 mg·L-1 square, 0.2 mg·L-1 circles, 0.3 mg·L-1 
triangle). 
5.2.3 Desorption Lipophilic dye in water. 
     This phenomenon encourages us to study the details about GO-AgarBs with organic dye 
released in PBS solution. The solubility of NR in PBS solution is less than 100 ug·L-1, which 
is hardly detected UV-vis spectrum. 10% of ethanol was added to increasing the solubility of 
NR in the PBS solution. The solubility of NR in the mixture solution is about 200 ug·L-1. The 
plot of released rate and concentration of NR in the mixture solution by 0.02% GO-AgarBs 
loading different weigh of NR released into PBS/ethanol (90:10 v: v) mixture solution 
towards time showed in figure 5.4 a, b (The plot of released rate and concentration of NR in 
the mixture solution by 0.01% and 0.03% GO-AgarBs showed similar situation Figure 5.5). 
After 6 hours, there will no more NR released into the mixture solution until fresh mixture 
solution was added, which stand by the dash line. The organic compounds molecules NR 
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were adsorbed by GO in the composites agarose hydrogel by hydrogen bonding in organic 
solvent and released into the mixture solution by hydration forces. After it released into 
mixture solution, which driven by hydration forces, it has the potential to be adsorbed by GO 
driven by interactions between them. There is no more NR molecules released into 
PBS/ethanol mixture solution, when the hydrophobic force equal the hydration forces. The 
hydration forces were affect by the concentration of NR in water, the hydration properties of 
NR in water and so on. After fresh mixture solution was exchanged, it could start to released 
again owing the hydration force was higher than the interaction between GO and NR. When, 
there was only 3.617 mg NR loaded by 0.03% GO-loaded agarose hydrogel beads, we could 
not detect any released in the mixture solution as time goes on. All those results proved that 
the released rate and the concentration of NR in the mixture solution can controlled by the 
concentration of GO and the initial concertation for adsorption. The maximum concentration 
of those composites hydrogel is 162.5 ug·L-1, which is a little lower than the solubility of NR 
in 10% ethanol mixture solution (around 200 ug·L-1). It means that that released NR 
molecules will not aggregation again owing over saturation, which is hardly accomplished 
otherwise thus far. 
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Figure 5.4. The plot of desorption rate(a, c, e) and concentration of NR(b, d, f) of GO-AgarBs 
with NR in PBS/ethanol mixtures solution (V: V 90:10) towards time (a,b, 0.01% GO, square 
3.865 ug, triangle 3.422 ug, circles 2.963 ug, rhombus 2.582 ug ; c,d, 0.02% GO, square 
5.628 ug, triangle 4.656 ug, triangle 4.096 ug, triangle 3.690 ug;  e,f,0.03% GO, square 11.55 
ug, triangle 9.983 ug, triangle 7.206 ug, triangle 6.071 ug).  
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Figure 5.5. The plot of concentration of NR(a, c, e) and desorption rate (b,d,f) of GO-loaded 
agarose hydrogel with MR in PBS towards time and in water with different pH(g,h). (a,b, 
0.01% GO, square 4.257 ug, triangle 4.162 ug, circles 3.646 ug, rhombus 3.250 ug, c,d,g,h, 
0.02% GO, square 9.137 ug, triangle 7.589 ug, circles 6.200 ug, rhombus 5.028 ug; a,b, 0.03% 
GO, square 11.928 ug, triangle 9.804 ug, circles 7.516 ug, rhombus 6.176 ug ;) 
 
Table 5.5 the solubility of methyl red in water with different pH. (ug·ml-1) 
pH 1 2 3 4 5 6 7 8 9 10 
solubility (ppm) 38 7.8 12 81 650 2300 3200 3200 3200 3200 
 
         MR was chosen as another dye, whose oil/water partition coefficient is 3.9, lower than 
NR 5.09. And, its solubility is related with media pH (Table 5.5). Its solubility in alkaline 
solution is 3200 mg·L-1 and less than 100 ppm in acid solution (only 12 mg·L-1 at pH 3). The 
plot of 1 gram 0.02% GO-loaded agarose hydrogel beads released into PBS solution with 
9.137 ug MR were showed in Figure 5.4 c, separately. And those composites beads with 
9.137 ug MR released into different pH water showed in Figure 5.4 d.  It is obviously that the 
concentration of MR in the PBS solution grows along with the increased MR loaded. When it 
was immersed into alkaline solution, the MR concentration in is 98.68 mg·L-1, which released 
into 100 mins. And, when it was immersed into water with pH 3, the maximum concoction is 
only 44.18 mg·L-1. After desorption in PBS solution twice, more than 90% MR molecules 
released into the PBS solution. This phenomenon confirmed that the organic molecules has 
no modification during the whole released process. The is important for the drug delivery.  
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Figure 5.4 a) the scheme of organic dye through into hydrophobic PDMS and then went into 
Lipophilic hydrogel b), the images under sunlight of GO-loaded agarose hydrogel(left), the 
PDMS (middle) and UV light (365 nm, right). c, The images under UV light of PDMS (upper) 
and skin of pig(down). (the composites agarosed hydrogel with NR were placed on the 
surface of PDMS and skin of pig overnight, they were sculptured into special letters ”RMIT”) 
d, The images of PDMS and agarose hydrogel with different pH. (the composites agarose 
hydrogel with MR was placed on the surface of PDMS) 
5.2.4 Desorption lipophilic dye in oleogel. 
Normally, the skin could be separated into hydrophobic epidermis layer and 
hydrophilic dermis layers. And, the cytomembrane is also hydrophobic. The drug molecules 
released in to should cross those hydrophobic layers into hydrophilic domains and take 
effects. In this experiment, hydrophobic PDMS was stand for the hydrophobic layers and 
agarose hydrogel was stand for the hydrophilic layer. The water in agarose hydrogel were 
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exchanged by water with different pH, which stand by different part of our human beings. 
The GO-loaded agarose hydrogel with organic dye was swelled in PBS solution and 
sculptured to special letter” RMIT”. Then those composites hydrogel were placed on the 
surface of PMDS. After 6 hours, later, the RMIT letter could be find on the PDMS under UV 
light (365 nm), which means that NR molecules could across the hydrogel/oleogel interface 
and delivered from the composites hydrogel to PDMS. Owing the octanol/ oil - water 
partition coefficient of NR is 5.06, the NR molecules released into PBS solution was easily 
adsorbed by PDMS. It was also placed on the surface of skin of pig, which washed by soap 
water and stand for our human skin. After overnight, we could find that RMIT letter on the 
surface of skin of pig (254 nm). The MR with composites hydrogel were tested by the similar 
method. The color of PDMS was changed from colorless into yellow after three days later. 
Then, those PDMS with MR was placed on agarose hydrogel with different pH, which 
showed in Figure 5.4c.  And, the color intensity of agarose hydrogel in acid is low and in 
alkaline is high. This confirmed that there is not any modification for the organic molecules 
during the whole delivery process.  
5.3 Conclusion 
In a word, GO-loaded agarose hydrogel were demonstrated that can effectively used as 
lipophilic drug delivery. After adsorbed lipophilic dye in organic solvent, those GO-loaded 
agarose hydrogel beads could be dried and swelled in PBS Solutions in 1 hours. Those 
lipophilic drugs could be released in PBS solution and the concentration were be controlled 
under saturation concentration, which avoid aggregation again. The drug loading capacity 
could be controlled by the concentration of drug in the organic solvent and weight of GO in 
those composites agarose hydrogel. In this Composites hydrogel systems, the GO not only 
used as adsorbents, but also increase the hydrophilic domains in the network, which enhance 
Graphene-Loaded Agarose Hydrogel for Removal and Release of Organic Compounds in Oil and Water	
 
	
	
106	
their swelling properties. And, the agarose hydrogel network, not only avoid the GO 
aggregation in the organic solvent, but also swelled after dried. 
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6.	Hydrophobic	Force-Driven	Removal	of	Organic	Compounds	
from	Water	by	Reduced	Graphene	Oxide-Loaded	Agarose	
Hydrogels	
6.1 Introduction 
Each day, copious amounts of pharmaceutical drugs, personal care products, household 
chemicals, pesticides, and industrial chemicals enter the world’s water supply as a result of 
disposal of industrial and agricultural waste and inadequately treated sewage.[1-3] The 
discharge of human and animal excrement has also led to the introduction of antibiotics in 
surface and ground water, compounding the current antimicrobial resistance crisis.[2] 
Although the concentration of organic compounds present in natural waters is sufficiently 
low in most cases to cause immediate, acute health effects, the long-term impact of these 
compounds on public health and aquatic life is a growing public concern due to their high 
persistence in the aquatic environment, immense resistance to complete microbial 
degradation, high mobility for long-range distance transport, and, most importantly, 
ineffective removal from polluted waters by means of conventional treatment facilities.[1,3] 
To date, organic compounds can only be decomposed in water through complex treatment 
methods such as ozonation, oxidation, and nanofiltration,[3] whose implementation is 
practically limited by high operational costs, possible secondary contamination, and 
maintenance difficulties.  
Adsorption has widely been used to purify water from inorganic and organic pollutants 
that are well dissolved in water. [6] Effective adsorbents usually possess high porosity that 
offer large exposed surface areas for adsorption, while at the same time being endowed with a 
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large number of ionic or polar groups on the surfaces to attract the targeted adsorbates via 
tailored interactions such as electrostatic attraction and hydrogen bonding. These attractive 
forces intrinsically hinge on the chemical nature of both adsorbents and adsorbates, which, 
however, are rather vulnerable to the presence of salt in water.[7] Up to date, salinity increase 
in wastewater remains a serious technical issue for conventional treatment processes, 
especially those based on biological digestion[4, 5]. In addition to these tailored interactions, 
two unintentional interactions are also expected to arise between adsorbents and adsorbates 
regardless of their chemical nature. One is repulsive steric forces stemming from the 
hydration of the surface ionic or polar groups of the adsorbents, [8] which may inhibit 
adsorption of the adsorbates onto the adsorbents. The other is attractive hydrophobic forces, 
which may enhance adsorption of the adsorbates onto the adsorbents – commonly known as 
fouling [8] – and can act at distances over 100 nm. [9] Taking advantage of the latter, we 
propose in this work a novel adsorbent – rGO-AgarBs – in which fairly hydrophobic rGOs 
were loaded within AgarBs to deliberately bring about long-range, attractive, hydrophobic 
forces that are able to strongly attract organic compounds in water (Figure 6.1).  
Figure 6.1. Schematic illustration of the electrostatic attraction, hydrogen bonding, and 
hydrophobic attraction encountered between rhodamine B and GO. 
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There has been a long history in the use of carbon-based adsorbents such as activated 
carbon for household water purification. Their potential continues to flourish with the 
development of new nanostructured carbon materials such as graphene. [10] Conventional 
activated carbons bear non-graphitizing microscopic pores with sizes of the order of 0.5–1 
nm. [11] These micro-pores can effectively remove small molecular weight compounds such 
as phenol from water. However, they typically fail to adsorb organic compounds with large 
molecular weights such as pigments, dyes, and pharmaceutical compounds, which would 
require substantial enlargement of the activated carbon pores. [12,13] Owing to poor water 
wetting on carbonaceous surfaces, carbon-based adsorbents are often deliberately decorated 
with many ionic or polar groups to enhance their surface hydrophilicity and hence 
dispersability in water. As such, hydrophilic GO are exploited in water purification, [10] 
whereas hydrophobic rGO are used in oil clean-up from water surfaces. [14]To intentionally 
capitalize on the intrinsic hydrophobic effect of their pristine carbon surfaces for water 
purification, rGO need to be well dispersed directly in aqueous media with little alteration of 
their carbon honeycomb lattice planes. This is, however, a fundamental challenge for 
hydrophobic particles. [15,16] Here we circumvent such a limitation through the use of 
agarose hydrogels as macro-porous, hydrophilic, stabilizing skeletons.  
Herein we demonstrate a simple alternative where agarose hydrogel beads (AgarBs) 
loaded with reduced graphene oxides (rGOs), denoted as rGO-AgarBs, can effectively adsorb 
a variety of organic compounds in water by taking advantage of attractive hydrophobic forces 
arising between the rGOs loaded in the AgarBs and the organic compounds dissolved in 
water. Importantly, the adsorption efficiency of the rGO-AgarBs substantially increases with 
the salinity in water – a property which has not been observed in other remediation methods. 
[4, 5]  
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6.2 Results and Discussion 
6.2.1 Synthesis and characterization of GO/rGO-loaded agarose hydrogel  
         Firstly, AgarBs loaded with hydrophilic graphene oxides (GOs), denoted as GO-AgarBs, 
were produced by dropwise addition of hot aqueous dispersions of GO and agarose mixtures 
into liquid nitrogen; the agarose and GO contents were 1.5 wt% and 0.02 wt%, 
respectively.[17] Subsequently, the GO-AgarBs were transformed to rGO-AgarBs upon 
overnight incubation in an aqueous solution of NaBH4 (10 mg·mL-1).[18, 19, 20] The GO to 
rGO  conversion in the AgarBs were quantitatively assessed by X-ray photoelectron 
spectroscopy  showed in Figure 6.2. The carbon 1S signals of the GO can be deconvoluted 
into the peaks assigned to C=C at 284.8 eV, C-C at 284.3 eV and C=O at 286.8 eV, O-C=O 
at 288.3 eV and C-OH at 286.0 eV. The carbon 1S signals of the rGO can be deconvoluted 
only into a pronounced peak assigned to C=C at 284.8 eV and a weak peak assigned to C-OH 
at 286 eV. The C – O ratio increases from 6:4 for GO to 9:1 for rGO. The results proved that  
the disappearance of the carboxyl groups of the GOs and the increase in the carbon to oxygen 
ratio from 6:4 to 9:1. 
Figure 6.2. High-resolution XPS spectra of the carbon 1S signals of GO (a) and rGO (b), 
obtained via GO reduction by NaBH4 that is carried out in a way identical to the protocol 
used for transformation of GO-AgarBs into rGO-AgarBs.  
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We note that the agarose matrices were utilized not only to aid the dispersion of 
hydrophobic rGO in water but also to effectively stabilize the hydrophobic rGOs and 
hydrophilic GOs against aggregation, which may typically occur upon adsorption of organic 
compounds especially in salty water.  While the GO-AgarBs were observed to sediment in 
water, the rGO-AgarBs remain afloat in water (Figure 6.3), which might be a result of the 
adsorption and subsequent growth of air bubbles on the rGO surfaces, which is generally 
expected for hydrophobic surfaces in water. [21] 
 
Figure 6.3. Images of the glass vials in which pristine AgarBs (left), GO-AgarBs (middle) 
and rGO-AgarBs (right) are dispersed in water. The GO-AgarBs are observed to sediment to 
the bottom while the rGO-AgarBs to remain afloat in water. 
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6.2.2 Adsorption organic compounds in water by GO/rGO-loaded agarose            
hydrogel  
 Rhodamine B (RB), a widely used organic dye with good water solubility (15 mg·mL-1), 
was firstly employed as a model organic compound to assess the adsorption performance of 
as-prepared rGO-AgarBs and GO-AgarBs. As shown in Figures 6.4 a-c, aqueous RB 
solutions (1 ug·mL-1) incur noticeable loss in color after the composite AgarBs are incubated 
within for 8 h, indicative of effective removal of RB molecules from water. The RB solutions 
become hardly fluorescent after adsorption by the rGO-AgarBs, while they retain some 
noticeable fluorescence, albeit significantly reduced, after adsorption by the GO-AgarBs. 
This suggests that the adsorption efficiency of the rGO-AgarBs is higher than that of the GO-
AgarBs. In contrast to their composite counterparts, pristine AgarBs were observed to adsorb 
significantly fewer RB molecules in water (Table 6.1) [22]. Figure 6.4 d shows that the 
adsorption uptake (q&) of RB molecules by rGO-AgarBs increases more pronouncedly with 
the adsorption time (t-) than that by GO-AgarBs; the equilibrium adsorption uptake (q)) is ca. 
202.4 mg·g-1 for the rGO-AgarBs and ca. 115.4 mg·g-1 for the GO-AgarBs at the initial RB 
concentration of 5 ug·mL-1 (Table 6.2). After fitting the adsorption isotherms with the 
Langmuir model [23] (Figure 6.4 e), the maximum adsorption capacity (q() of rGO-AgarBs 
toward RB is 321.7 mg·g-1, which is more than two times larger than that of GO-AgarBs 
(150.8 mg·g-1) (Table 6.3). These results underline the superior adsorption performance of 
the rGO-AgarBs to that of the GO-AgarBs. 
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Figure 6.4. (a-c) Images of the aqueous solutions of RB, within which AgarBs (left 
vials),GO-AgarBs (middle vials), and rGO-AgarBs (right vials) are placed. The images are 
taken immediately after addition of the pristine composite AgarBs into the RB solutions (a), 
after 8 h incubation under sun light (b), and, under irradiation of UV-light (365 nm) (c), 
respectively. (d) Adsorption kinetic profiles of rGO-AgarBs (open circles) and GO-AgarBs 
(open squares) toward RB in water, fitted with pseudo-first-order (dashed curves) and 
pseudo-second-order models (solid curves), respectively. The initial RB concentration is 5 
ug·mL-1. (e) Adsorption isotherms of rGO-AgarBs (open circles) and GO-AgarBs (open 
squares) towards RB in water, fitted by Langmuir (solid curves) and Freundlich models 
(dashed curves). (f) Plots of the q(  values of rGO-AgarBs (circles) and GO-AgarBs 
(squares) versus the concentration of MgCl2 (solid symbols) and NaCl (open symbols) in 
water. 
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Table 6.1. Comparison of the equilibrium adsorption uptake (q),	mg·g-1 ) of pristine AgarBs, 
GO-AgarBs, and rGO-AgarBs toward RB in water at different initial RB concentrations (C-., 
µg·mL-1) 
 C-. q) 
0.1 0.2 0.5 1 2.5 5 
Pristine AgarBs 0 0.01 0.06 0.12 0.20 0.35 
GO-AgarBs 10 13.5 30.9 47.9 88.4 124.7 
rGO-AgarBs 10 19.2 45.8 109.9 200.8 312.6 
 
Table 6.2. Summary of the equilibrium adsorption uptakes (q)) of rGO-AgarBs and GO-
AgarBs toward RB in water at the initial RB concentration (C-.) of 5 µg·mL-1. The fitting 
parameters of the RB adsorption kinetics are obtained based on pseudo-first and pseudo-
second order models, respectively. 
            Pseudo first-order model Pseudo second-order model 
Adsorbents 
qe,exp 
(mg·g-1) 
qe,cal 
(mg·g-1) 
k1 
(min-1) 
r2  
qe,cal 
(mg·g-1) 
k1 
(g·mg-1·min-1) 
r2 
rGO-AgarBs 202.2 183.8 0.012 0.959  210.7 0.016 0.989 
GO-AgarBs 115.4 108.6 0.024 0.984  119.1 0.033 0.988 
 
 
Table 6.3. Summary of the results obtained by fitting the adsorption isotherms of GO-
AgarBs and rGO-AgarBs toward RB in water based on Langmuir and Freundlich models. 
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Since the adsorption of pristine AgarBs is negligible, only the mass of the GO and rGO 
loaded in the composite beads are used as the adsorbent mass (𝑊) in the calculation.  
 
Adsorbents 
Langmuir model  Freundlich model 
qm 
(mg·g-1) 
kL 
(L·mg-1) 
r2  
KF 
(mg·g1-
1/n·g-1·L1/n) 
1/n 
(ng·L-1) 
r2 
rGO-AgarBs 
GO-AgarBs 
321.7 
150.8 
5.32 
1.42 
0.946 
0.982 
 
250.3 
77.5 
0.41 
0.43 
0.960 
0.988 
 
 
 Figure 6.4 d indicates better fitting of the adsorption kinetic data of the composite AgarBs 
toward RB with a pseudo-second order model compared to that with a pseudo-first order 
model (Table 6.2), alluding to the strong attractive forces present between the RB molecules 
dissolved in water and the rGO or GO loaded in the AgarBs. [23] As illustrated in Figure 6.1, 
three kinds of attractive forces are envisioned between GOs and RB molecules in water. First, 
GO hydroxyl and carboxyl groups may form hydrogen bonds with RB tertiary amine and 
carboxyl groups. Second, GO deprotonated carboxyl groups may experience weak 
electrostatic attraction with RB protonated tertiary amine groups. Third, there exist attractive 
hydrophobic forces between GO honeycomb carbon lattice planes and RB xanthene and 
phenyl moieties because of entropy gain associated with liberation of water molecules from 
the hydration shells of the GO and RB molecules [8]. In comparison with GO, rGO do not 
possess carboxyl groups, so they should experience stronger hydrophobic attraction but 
weaker hydrogen bonding and electrostatic attraction than the GO. To discern the 
contributions of these three attractive forces to their adsorption performance, the composite 
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AgarBs were incubated in aqueous RB solutions in the presence of salt. Figure 6.4c reveals 
that the adsorption capacity of GO-AgarBs and rGO-AgarBs towards RB noticeably 
increases with water salinity, consistent with the salinity-induced reduction in RB solubility 
in water, thus suggesting that the RB adsorption by the composite AgarBs is driven by 
attractive hydrophobic forces between the loaded rGO or GO loaded in the AgarBs and the 
RB molecules dissolved in water. If this were not the case, we would have observed the RB 
adsorption to be less effective in salty water due to the salting-out of hydrogen bonds or 
screening of the electrostatic attraction. [7] The q( value of rGO-AgarBs is 376.3 mg·g-1 in 
0.5 M NaCl and 414.2 mg·g-1 in 0.5 M MgCl2, corresponding to an increase of ca. 17% and 
28%, respectively (Table 6.4). The q( value of GO-AgarBs is 191.4 mg·g-1 in 0.5 M NaCl 
and 220.8 mg·g-1 in 0.5 M MgCl2 (Table 6.5), corresponding to an increase of ca. 27% and 
46%, respectively (Table 6.5).  That the salinity-induced adsorption enhancement of GO-
AgarBs is noticeably larger than that of rGO-AgarBs should reflect the salt-induced reduction 
in the hydration of the hydrophilic GO surfaces. [11] It was found that rGO-AgarBs remained 
effective in removing RB molecules from water at RB concentrations as low as 1 ng·mL-1 
(Figure 6.5), ca. 107 times lower than the RB solubility in water, thus underlining the high 
effectiveness of hydrophobic force-driven adsorption in water. We further note that near 
complete release of the adsorbed RB molecules out of the composite AgarBs can be achieved 
upon incubation in ethanol (Figure 6.6). Such high desorption efficiency not only endorses 
reusability of rGO-AgarBs or GO-AgarBs but also provides possibility of recovery of 
valuable organic compounds from wastewater.  
 
Graphene-Loaded Agarose Hydrogel for Removal and Release of Organic Compounds in Oil and Water	
 
	
	
119	
Figure 6.5. Fluorescence spectra of aqueous solutions of RB before (black curve) and after 
12 h adsorption (red curve) with pristine AgarBs (a), GO-AgarBs (b) and rGO-AgarBs (c). 
The initial RB concentration is 1 ng·mL−1 and the mass of the composite AgarBs is 1 g  
 
 
Figure 6.6. Temporal evolution of the desorption efficiency (E%& ) of RB from GO-AgarBs 
(open squares) and rGO-AgarBs (open circles) in ethanol. 
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Table 6.4. Summary of the fitting results of the adsorption isotherms of rGO-AgarBs toward 
RB in water at different NaCl and MgCl2 concentrations based on Langmuir and Freundlich 
models. 
Concentration of 
Salt 
(M) 
Langmuir model 
 
Freundlich model 
  
qm(mg·g-1) kL(L·mg-1) r2 
 
KF(mg·g1-
1/n·g-1·L1/n) 
1/n 
(g·L-1) 
r2 
NaCl 
0.1 327.5 5.11 0.811 
 
259.4 0.40 0.882 
0.2 333.8 3.33 0.809 
 
240.2 0.43 0.900 
0.3 334.8 3.46 0.837 
 
247.5 0.44 0.901 
0.4 341.9 3.46 0.873 
 
245.4 0.43 0.911 
0.5 376.3 2.50 0800 
 
253.6 0.44 0.875 
MgCl2 
0.1 362.3 5.58 0.994 
 
295.4 0.40 0.963 
0.2 370.1 5.14 0.992 
 
299.6 0.41 0.970 
0.3 371.2 4.44 0.966 
 
300.4 0.44 0.987 
0.4 387.3 4.75 0.993 
 
319.0 0.44 0.975 
0.5 414.2 4.25 0.990 
 
341.2 0.46 0.983 
 
 
 
Table 6.5. Summary of the fitting results of the adsorption isotherms of GO-AgarBs toward 
RB in water at different NaCl and MgCl2 concentrations based on Langmuir and Freundlich 
models. 
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Concentration of 
Salt (M) 
Langmuir model   Freundlich model 
qm(mg·g-1) kL(L·mg-1) r2 
 
KF(mg·g1-
1/n·g-1 ·L1/n) 
1/n(g·L-1) r2 
NaCl 
0.1 155.2 1.11 0.959 
 
72.5 0.50 0.998 
0.2 156.1 1.08 0.965 
 
71.9 0.50 0.998 
0.3 173.1 1.00 0.969 
 
77.1 0.51 0.998 
0.4 186.1 0.79 0.964 
 
74.3 0.55 0.994 
0.5 191.4 0.88 0.985 
 
80.3 0.54 0.997 
MgCl2 
 
0.1 180.7 0.80 0.916 
 
72.9 0.52 0.886 
0.2 200.3 0.67 0.887 
 
73.5 0.52 0.872 
0.3 202.7 0.66 0.883 
 
73.9 0.55 0.875 
0.4 212.9 0.61 0.933 
 
73.9 0.58 0.910 
0.5 220.8 0.66 0.915 
 
80.2 0.57 0.880 
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Figure 6.7. (a) Fluorescence spectra of an aqueous solution of pyrene before (dashed curve) 
and after 8 h adsorption by rGO-AgarBs (solid curve) and GO-AgarBs (dotted curve). The 
initial pyrene concentration is 135 ng·mL-1. (b) Plots of the q( values of rGO-AgarBs (open 
circles) and GO-AgarBs (open squares) toward OrG versus NaCl concentration in water. (c) 
Adsorption isotherms of rGO-AgarBs (open circles) and GO-AgarBs (open squares) towards 
aspirin in water, fitted with the Langmuir model. The absorption spectra of an aqueous 
solution of aspirin (50 ug·mL-1) before (dashed curve) and after 12 h adsorption of 5 g of GO-
AgarBs (dotted curve) or rGO-AgarBs (solid curve). (d) Adsorption isotherms of rGO-
AgarBs (circles) and GO-AgarBs (squares) toward NR in ethanol/water mixtures, which are 
fitted with the Langmuir model. The results are obtained at ethanol–water volume ratios of 
20:80 (open symbols and solid curves) and 30:70 (solid symbols and dashed curves). The 
molecular structures of pyrene, OG, aspirin, and NR, respectively, used for adsorption are 
shown in the Figure insets.  
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To further validate the adsorption mechanism, rGO-AgarBs and GO-AgarBs were utilized 
to adsorb other organic compounds, including pyrene, orange G (OG), aspirin, and Nile red 
(NR). After the composite AgarBs are incubated in the saturated pyrene solution in water 
(135 ng·mL-1) for 8 h, the fluorescence intensity of the pyrene solution is substantially 
reduced, indicating effective removal of pyrene from water despite the fact that pyrene 
molecules bear no polar groups. Figure 6.6 b shows effective adsorption of OG molecules by 
GO-AgarBs despite their high solubility in water (70 mg·mL-1) and non-negligible 
electrostatic repulsion between the OG sulfate groups and the GO carboxyl groups. While 
rGO-AgarBs noticeably exceed GO-AgarBs in adsorption efficiency, the qm value of the 
former increases from 64.0 to 132.1 mg·g-1 with the NaCl concentration increasing from 0 to 
0.5 M (Table 6.6) whereas the latter increases from 33.8 to 69.3 mg·g-1 (Table 6.7). The 
salinity-induced increment in adsorption capacity towards OG is ca 100% for both composite 
AgarBs, considerably larger than that towards RB. This underscores the positive impact of 
high salinity on the adsorption performance of the composite AgarBs particularly toward 
fairly water-soluble organic compounds in water. In stark contrast, the increasing salinity 
usually produce significant negative impacts on conventional wastewater treatment processes. 
[4] The adsorption of aspirin, a widely-used medication with a solubility of 3 mg·mL-1 in 
water, was also examined. Figure 6.7 c shows its effective adsorption by rGO-AgarBs and 
GO-AgarBs in water in the presence of 0.15 M NaCl and at pH 3, at which the aspirin 
carboxyl groups are fully protonated. The qm value of the rGO-AgarBs towards aspirin is 
196.4 mg·g-1, ca. 3 times larger than that of the GO-AgarBs (67.1 mg·g-1) (Table 6.7), though 
the loaded GOs are expected to form more hydrogen bonds with aspirin than the loaded rGOs. 
Taken together, the effective removal of pyrene, OG, and aspirin from water results out the 
contributions of hydrogen bonding and electrostatic attraction in the adsorption of rGO-
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AgarBs or GO-AgarBs toward organic compounds in water. Different from water-soluble RB, 
pyrene, OG, and aspirin, NR has negligible solubility in water (far below 100 ng. mL-1). For 
better quantitation of the NR concentration in water, NR molecules were dissolved in 
ethanol/water mixtures. Although the presence of ethanol in water might largely suppress the 
hydrophobic attraction between rGOs or GOs s and NR molecules (as suggested in Figure 
6.6), GO-AgarBs and especially rGO-AgarBs can be seen to also be effective in removing 
NR molecules from water/ethanol mixtures (Figure 6.7 d). With the volume fraction of 
ethanol increasing from 20% to 30%, the q( value of the rGO-AgarBs reduces from 377.7 to 
158.7 mg·g-1 (Table 6.9) and that of the GO-AgarBs from 208.7 to 58.4 mg·g-1 (Table 6.10). 
This further supports the efficacy of the hydrophobic force-driven adsorption mechanism of 
rGO-AgarBs or GO-AgarBs toward organic compounds in water.  
 
Table 6.6. Summary of the fitting results of the adsorption isotherms of GO-AgarBs  toward 
OG in water at different NaCl concentrations based on Langmuir and Freundlich models. 
 
Langmuir model 
 
Freundlich model 
Concentration (M) qm(mg·g-1) kL(L·mg-1) r2 
 
KF(mg·g1-
1/n·g-1·L1/n) 
1/n(g
·L-1) 
r2 
0 33.8 0.43 0.993 
 
9.9 0.58 0.997 
0.1 59.4 0.21 0.800 
 
10.7 0.67 0.822 
0.2 59.6 0.99 0.962 
 
27.4 0.46 0.902 
0.3 61.8 0.70 0.954 
 
23.4 0.53 0.874 
0.4 66.7 0.58 0.933 
 
23.8 0.61 0.979 
0.5 69.3 0.59 0.919 
 
24.0 0.53 0.846 
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Table 6.7. Summary of the fitting results of the adsorption isotherms of GO-AgarBs and 
rGO-AgarBs toward aspirin in 0.15 M NaCl at pH 3 based on the Langmuir and Freundlich 
models. 
 
Adsorbents 
Langmuir model  Freundlich model 
qm 
(mg·g-1) 
KL 
(L·mg-1) 
r2  
KF 
(mg·g1-
1/n·g-1·L1/n) 
1/n 
(g·L-1) 
r2 
rGOAgarBs 196.4 0.031 0.918  12.5 0.59 0.954 
GO-AgarBs 67.1 0.030 0.774  4.5 0.57 0.851 
 
6.2.3 Separation organic compounds in water by  GO/rGO-loaded agarose  
To further explore the potential of the hydrophobic force-driven adsorption of organic 
compounds in water in practice, rGO-AgarBs and GO-AgarBs were utilized to treat aqueous 
solutions of binary organic dye mixtures. Figure 6.8 shows that after the rGO-AgarBs and 
GO-AgarBs are incubated in the aqueous solution of a mixture of RB (0.5 mg·mL-1) and OG 
(5 mg·mL-1) for 5 h, the fluorescence of RB in the aqueous media is hardly visible, 
suggesting preferential removal of RB molecules from water despite the fact that the RB 
concentration is 10 times lower than that for OG. The observed adsorption selectivity of RB 
over OG by the composite AgarBs can be explained by the RB solubility in water, which is 
ca. 5 times lower than that of OG. Figure 6.8 d indicates that rGO-AgarBs show higher 
removal selectivity than GO-AgarBs, which supports the hydrophobic attraction-driven 
adsorption mechanism of the composite AgarBs towards organic compounds. The slightly 
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reduced adsorption selectivity in 0.1 M NaCl reflects the fact that salinity enhances 
adsorption of OG more than that of RB, as discussed abov 
 
Figure 6.8. (a) Images of aqueous solutions of RB/OG mixtures, within which AgarBs (left 
vials), GO-AgarBs (middle vials), and rGO-AgarBs (right vials) are placed (upper panel) and 
incubated for 5 h (lower panel). UV-vis absorption (b) and fluorescence (c) spectra of the 
RB/OG mixture solution in water before (dashed curves) and after 5 h incubation of GO-
AgarBs (dotted curves) and rGO-AgarBs (solid curves). The insets in Figure 6.8 c show 
images of the RB/OG mixture solutions in water before (left vials) and after (right vials) 5 h 
incubation of GO-AgarBs (upper panels) and rGO-AgarBs (lower panels). (d) Plots of the 
OG content in the RB/OG mixture solution in water versus the adsorption time of rGO-
AgarBs (circles) and GO-AgarBs (squares) in the absence (open symbols) and presence of 
0.1 M NaCl (solid symbols).  
6.3 conclusion 
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In summary, we demonstrate that rGO-AgarBs are highly effective in removing different 
types of organic compounds from water at concentrations as low as 1 ng·mL-1 by deliberately 
capitalizing on the long-range attractive hydrophobic forces arising between the rGO loaded 
in the AgarBs and the organic compounds dissolved in water. Moreover, this hydrophobic 
force-driven adsorption approach is seen to be more efficient as the salinity in water increases 
– an attribute that is absent in other treatment techniques available to date, therefore offering 
great operational flexibility and versatility for many wastewater treatment processes where 
salt is inevitably present at high concentrations such as in the pigment industry. The present 
approach also enables selective removal of organic compounds with lower solubility from 
water over those with higher solubility, which opens up opportunities for the separation of 
organic compounds and in turn, adds secondary economic values to municipal and especially 
industrial wastewater treatment. Thus, we wish the present work will encourage further 
designs of hydrophobic nanoparticle/hydrogel composites for more efficient and selective 
removal of organic compounds from water. Furthermore, we also wish this work will 
increase awareness in the role of long-range, attractive hydrophobic forces in many other 
processes occurring in aqueous media, which may have profound implications, for instance, 
the splitting of water to hydrogen in fuel cells, where gas bubbles could be unintentionally 
generated or introduced on targeted surfaces and in turn significantly enhance hydrophobic 
forces. [6,21]  
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7.	Conclusion	and	future	works	
7.1 Conclusion 
         In this thesis, GO/rGO were loaded into agarose hydrogel, which helped them disperse 
into its poor solvent.  
         In Chapter 4, we successfully demonstrate that GO-loaded agarose hydrogel can 
effectively and efficiently adsorb lipophilic dyes in oil after being transferred from water into 
oil via stepwise solvent exchange. The successful adsorption of dyes in oil relies on the fact 
that the polar groups of the GO, loaded in the agarose network, remain in direct contact with 
oil and are capable of interacting with lipophilic dyes via hydrogen bonding. GO-loaded 
agarose hydrogel beads show maximum adsorption capacity of 355.9 mg·g-1 and 179.1 
mg·g-1, of NR and ORO respectively, which is substantially higher than that of pristine 
hydrogel or hydrophilic GO powder. The minimal dye concentration is 0.5 ppm for effective 
adsorption. Thanks to its ease of manufacture and operation, the present adsorption-based 
strategy can be readily extended to a diversity of hydrogels and inorganic or organic 
nanostructured adsorbents with better adsorption efficiency and especially selectivity. 
Therefore, there is immense promise in technical applications for large-scale oil 
decontamination such as desulfurization of engine fuel. 
         In Chapter 5, GO-loaded agarose hydrogels are demonstrated for use for hydrophobic 
drug delivery. After adsorbing hydrophobic dye in organic solvent, the GO-loaded agarose 
hydrogel beads can be dried and swelled in PBS solution in 1 hour. Hydrophobic drugs were  
released in PBS solution and the concentrations were controlled under the saturation 
concentration, which avoids aggregation again. The drug loading capacity can be controlled 
by the concentration of the drug in the organic solvent and the weight of GO in the composite 
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agarose hydrogel. In these composite hydrogel systems, GO is not only used as adsorbent, but 
also increases the hydrophilic domains in the network, which enhance their swelling 
properties. In addition, the agarose hydrogel networks not only avoid GO aggregation in the 
organic solvent, but also swell after being dried. 
     In Chapter 6, we demonstrate that rGO-AgarBs are highly effective in removing different 
types of organic compounds from water at concentrations as low as 1 ng·mL-1 by deliberately 
capitalizing on the long-range attractive hydrophobic forces arising between the rGOs loaded 
in the AgarBs and the organic compounds dissolved in water. Moreover, this hydrophobic 
force-driven adsorption approach is shown to be more efficient, as the salinity in water 
increases. This attribute is absent in other treatment techniques available to date, and 
therefore offers great operational flexibility and versatility for many wastewater treatment 
processes where salt is inevitably present at high concentrations, such as in the pigment 
industry. The present approach also enables selective removal of organic compounds with 
lower solubility from water over those with higher solubility, which opens up opportunities 
for the separation of organic compounds, and in turn, adds secondary economic values to 
municipal and especially industrial wastewater treatment. Therefore, we hope the present 
work will encourage further designs of hydrophobic nanoparticle/hydrogel composites for 
more efficient and selective removal of organic compounds from water. Furthermore, we also 
hope this work will increase awareness of the role of long-range, attractive hydrophobic 
forces in many other processes in aqueous media, which may have profound implications. 
These processes may include the splitting of water into hydrogen in fuel cells, where gas 
bubbles could be unintentionally generated or introduced on targeted surfaces and in turn 
significantly enhance hydrophobic forces.   
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7.2 future work 
In the present research works, the agarose hydrogels are the macro-porous, which used 
for loading rGO/GO Nano sheets . These composite hydrogels can be used for water/oil 
decontamination, and also for lipophilic drug delivery. All of these composite hydrogels 
exhibit excellent properties. However, some work still needs to be done in the future.  
        It is well known that the poor mechanical properties are a disadvantage of agarose 
hydrogels. Graphene has been widely used to enhance the mechanical properties of some 
hybrid materials. The enhancement of the mechanical properties of agarose hydrogel with 
graphene or graphene oxide still needs to be researched. A number of questions require 
elucidation. For example, in composite agarose hydrogels, where are the rGO/GO nanosheets? 
What are the interactions between rGO/GO and agarose hydrogel?  
Our experiments show that agarose can be used as macro-porous  to transfer the 
nanoparticles into its poor solvent. This method could be used to transfer nanoparticles into 
its poor solvent. We should try to load different nanoparticles into the hydrogel. For instance, 
Fe ions could be used to adsorb sulfur. We could synthesis Fe3O4/agarose composite hydrogel, 
which could be used to remove sulfur from oil. Gold and platinum nanoparticles could be 
used for catalyze. Can gold/platinum agarose composite hydrogels be used to catalyze some 
special experiments in oil or water?  
In addition, different concentrations of GO have been researched in our studies. 
However, the concentration of agarose did not change (only 1.5% agarose in the composite 
hydrogels). Does the concentration of agarose affect the properties of composite agarose 
hydrogels? What is the best concentration of agarose in composite hydrogels? These 
questions should be answered in future studies. 
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Many different interactions could be used for oil/water decontamination. Normally, 
electrostatic interaction is used in purification experiments. In our research work, some weak 
interactions, hydrogen bonding, and hydrophobic attraction were used. Some other weak 
interaction exists between the adsorbent and impurities, and the use of these weak 
interactions still needs research.      
